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PREFACE

the g ity of lasti leuk ia has been of special interest to innumerable

workers in the field of cancer research, smcc the blood and hacmopoxehc tlssues can be
so easily and repeatedly sampled. A licity of tech 1 and

biological, has been directed to elucidating “the nature and Iundamental componen(s of
the leukaemic state, and in recent times more than a thousand articles about the disease
have appeared each year in the world-wide scientific iterature.
My intention in writing this book has been to pr0\1de a guide through the maze of
published work, to separnte the tangled hnes of progress in research, and to gl\e 1n small
a hensive survey of current beliefs and activities in both the
!abomtory and clinical nspecls of leukaemma,
Such a diversity of disciplines is apphed today to different facets of leukaemia nvesti-
gation that workers mn one discipline do not always find 1t easy to understand the
problems and results of those in another. It is, however, imperative e that they shculd do s0,

b Tanpt e aeblnn amd fam dhia pemnne T Eon o cdbocecdod da cmmes

tions of current research within it.

The book contamns four chief sections. After a preliminary account of the early history
of leukaemia and a short survey of methads used 1n classifying the disease, the first
section is devoted to studies of mcxdencc, ecology and aetiology Statistical data on the
mortality from leukaerma 1n various countries, on the relative frequency of different forms
of the disease, and on the influence of age, sex, race, heredity and environmental factors
in man are fully reviened Description and discussion of the very important contnbutions
to our knowledge of leukaemogenesis derived from animal expenmenls and the more
restncted expenmental work on t of leuk in man pl the first

section. The second section, mn “hlch specxﬁc studies oI the Ieukaemxc cell are described,

har paeacnba ahacdaes m aoks

e tmrd section of the book 1s therefore devoted to a discussion of the general princtples
which appear to govern the modes of action and usages of currently available therapeutic
agents, and which may gwde the search for more effective new ones The biologeal
actions of X-rays and radicactive 1sotopes are considered, and the ways in which chemo-
therapeutic drugs have been developed and are believed to act are descnibed Common
jons of jeul haemorrhage and infections, are also

discussed m this section, with regard both to their pathogenests and to their treatment,
In the fourth section the clinical aspects of each of the different forms of leukaemia

v
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are dealt with in turn, separate chapters being devoted to the acute Jeukaemias as a group,
to chronic granulocytic leukaemia, to chronic lymphocytic leukaemia, and to unusual
varieties of lenkaemia. In each case the modes of onset, the extent of system involve-
ments and correlated pathology, the blood and bone marrow changes, the differential
diagnosis, the most effective methods of treatment, and the course and prognosis are
described and discussed. Tllustrative case histories are appended.

In the final chapter the nature and nosology of leukaemia are discussed, with a study
of the relationships of the leukaemias to leukaemoid reactions and to other myelo-
proliferative and lymphoprohferative states.

‘With regard to nomenclature, the terms defined and described in Chapter 2 have been
used throughout the book, but certain synonymous alternatives such as lymphatic and
lymphocytic, myeloid and granulocytic, have been used interchangeably; they are so well
established 1 common usage that an nsistent preference for one form appears pedantic.

The cytological and cytoct 1 features of leul ic cells are lustrated both by
colour paintings and by half-tone photomicrographs, a combination designed to achieve
a high standard of realism In the colour pamtmgs and m certain of the photomicrographs
a number of 1dentical fields stamned by different techniques have been illustrated, thus
aiding the comparison of different staining reactions in individual cells. The thirty-six
paintings used m the colour plates have been arranged in two ways; they appear first,
grouped according to the staining reaction depicted, n the section on eytology and cyto-
chemustry, and a second time, grouped according to the variety of leukaemic cells shown, in
the appropnate’sections concerned with the different forms of leukaemia, By this meansthe
appearances of blood and bone marrow preparations from all major forms of leukaemia
exposed to a single staining procedure can be seen side by side, while later a range of
staining reactions in preparations from each individual formof the diseasecan be compared.

I am grateful to many fnends and colleagues who have helped me, directly or indirectly,
in the preparation of the manuscript. To my former teacher, the late Sir Lionel Whitby,
I owe a special debt, since he encouraged and inspired my interest i leukaemia during
the seven years we worked together, and, mdeed, first proposed the wnting of this book
Among colleagues, past and present, in the Umversity Departments of Medicine, Radio-
therapeutics and Pathology and at the Strangeways Institute, are many who have
assisted me to clanfy 1deas by discussion and argument; especially Drs. D. Brinkley,

A. Clark, J. H. Crookston, E. Davidson, P. T. Flute, M. Hynes, W. Jacobson, E. M.
Kingsley Pillers, D’A, Kok, D. Robertson Smth and H. J. Woodliff, who have worked
together with me 1n the management of many patients with leukaerma, and Dr, A. M.
Barrett and his staff, whose scrupul pathol 1 inations have been invaluable
The Regws Professor of Physic of Cambridge University, Dr. J. S. Mitchell, ki{ldly re.ad
the manuscript, and I am most grateful for hus helpful comments and suggestions \@th
reference to the chapter on radiotherapy. 1 th'ank.also tl}e ‘physi‘cianf: ‘surgeons, radio-

B T e

coveral 1 ‘. s heip. \vith
reral retinal photographs for my use and I am most gratctu} to hum for | p.

SS::ID. Gaird.xIl)er and J. Roscoe, paediatricians to the United Ca.m.bndge Hospitals,

1 h;\'e had many helpful discussions during our joint control of children with acute
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leukaemia. I should like also to th:mL ihc members of the Medical Research Council
‘Working Parties on Leuk f J. V.Dacieand L. J. Witts, Drs, S. T.
Callender, W, Davidson, D. A. G. Galton, R Bodley Scott, and G. Wetherley Mein, as well
as other haematologists, too numerous to mention, who have sent me specimens for cyto-
logical study. Dr. _]oscph Burchenal of the Sloan-Kettering Institute, New York, has been
good enough to send me specimens for cytochemical study by air-mail across the Atlantic.

To my present close collaborator, Dr. Dennis Quaghno, T am especially grateful for
his skill and care in our current cytochemical researches, some of the rcsults of which
have been incorporated in the book, and for his read to carry an g burden
of work while I have been engaged with manuscript and proofs.

1 wish to thank the authors, publishers and editors who have allowed me to reproduce
illustrations; Dr. 1. H. Krakoff, Professor L. J. Witts and the Academic Press Inc. for

the text, I thank also editors, publishers and co-authors who have given me permission
to use material from previously publshed articles of my own, the Editor of the British
Journal of Haematology and Blackwell Scientific Pubkcations Ltd. for allowmg me to
quote fmm articles on ‘The of acute leuk ia 1 adults’ (1955) and ‘The

1 1d ration and of leucocyte alkaline phosphatase activity
in normal and pathological states by a modified azo-dye coupling method’ (x958); the
Editor of the British Medical Journal for permission to quote from ‘ Medullary aplasia in
chrome myeloid leukaemia during busulphan therapy' (1957); and the Editors of the
Quarterly Journal of Medicine and the Clarendon Press for allowing me to use short
extracts from ‘Tuberculous mihary necrosis and p:mcytopenm (1955)

I am very greatly indebted to my senior teck R J. Fl , who
developed and printed all the photomicrographs, supervised or undertook with the help
of Miss S Tomlin, the preparation of the line diagrams, and painted the colour illustrations
This last task in particular involved many hours of pawnstaking and highly skilled work.
T am most grateful, also, to my indefatigable secretary, Miss Jean Thompson, who typed

and retyped the manuscnipt and bibliography, often from almost illegible and extensively
corrected script.
G ~F 41

1on of Leuk, Abstracts, sp by the Lenore Schwartz Leukaemia
Research Foundauon 1 have found t}us penodical of great value mn directing attention
1

to publ onl ly those appearing in less common journals, which
m1ght othermse have been mlssed

T much appreciate the efficient and helpful co-operation of my publishers, J &. A.
Churchill, Ltd , especially that of Mr. J. A, Ruvers.

Finally, I acknowledge with deep gratitude the unfailing patience and constant en-
couragement of my wife.

CAMBRIDGE F
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CHAPTER 1
HISTORY OF LEUKAEMIA

Towarps the middle of the nineteenth century the time became ripe for the recogmuition
of leukaemia. Cases of splenic enlargement accompamed by pallor, purpura, Iymphatic
glcmdular swelling and other signs ¢ y found m leuk had been described
often since the earhest medical records. A papcr entitled “ Observations on abdomunal
tumours and intumescence. illustrated by cases of discases of the spleen, with remarks
on the general pathology of that viscus”, from the pen of the eminent Richard Boght of
Guy’s Hospital, Physlcmn Extraordinary to the Queen, makes clear the position of ad-
vanced medical op:mon on this subject in 1838 *“With regard to the functions of the
spleen”, he wrote, “we have every reason to believe that 1t affords important assistance
in prepanng the blood, but whether chiefly as accessory to the process of digestion, or as
having withm itself the power of acting beneficially on the blood, I shall not now consider
it necessary to inquire 1t 1s an established fact, that 1t 15 provided with a structure which
affords it peculiar elasticity so that 1t can accommodate itself to great changes in the vol-
ume of the blood 1t contams " Among a large number of *'structural alterations” of the
spleen categonized by Bnght and mcludmg congestion, hardening, softening, wnfl ion
ton disease, mel and a form of splenic
dlsease pamcular]y pomted out by Dr Hodgkm as connected with extensive discase of
the absorbent glands” 15 to be found a condition described as “fleshy hardness with en-
largement” Bnght noted that “ In this state, the spleen often attains to a prodigious size,
filing up the whole left side of the abdomen It produces very hittle constitutional irrita-
tion, and chiefly ipjures by 1ts bulk, and 1ts tendency to favour serous effusion It is
astonishing with what rapidity this enormous growth occasionally takes place, but in this

in adults, and with them 1t 1s more fatal. It often begns to shew itself at two or three
months of age, gradually increasmg. till 1t bears a very large proportion to the whole
contents of the abdomen, and it is to be traced quite into the pelvis, and extending far
beyond the linea alba, towards the nght side In these cases, it is often attended with the
appearance of petechuae all over their cadaverous and pale bodies Such children seldom
lLive above a year, or two or three, and fall victims to emaciation and often to mesenteric
disease * Although Bnght mcluded many case reports in this mstmchve article and one
oy rapeanakls smdaepad traann] £F Shnn e oy Tt NEITR RO .
[P T o AR [IEETI 1
B N [ o e Le
concept of splenic mvolvement in a generahzed blood dlsease may be seen from his
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LARLY CASC REPORTS 3
over, both the clinical and autopsy findings in the cases referred to in the quotation above
TR . e A ©™ v % -35)inDonné’s
tedly suffering
. . ' Un homme,
dans Ia force de I'age, était atteint d'une artérite qui affectait spécial Jes vai
des membres inférieurs; les deux jambes (taient le siége d'ecchymoses, de phlyctines
gangreneuses, etc. Le sang de ce malade présentait une telle quantité de globules blancs,
qu'en raison méme de la nature de son affection j'étais porté A croire que le sang était
réellement mélé de pus; mais, en définitive, 1l ne me fut pas possible de constater une
difference tranchée entre ces globules et les globules blanes ™

In 1845, the year following the publication of Donné’s monograph, cases of leukaemia
with clinical, post-mortem and microscopic findings were independently and almost simul-

ly published in Edinburgh and Berhn. In the Edinburgh Medical and Surgical
Journal of October 1, 1845, two casc reports appeared under the title ““ Discase and En-
largement of the Spleen in which Death took place from the Presence of purulent matter
in the Blood”, In the first, David Craigic descnibed 2 patient who had been under his care
in 1841; autopsy, performed by John Reid, revealed *“ globules of purulent matter” in the
blood, great enlargement of the spleen, which weighed 115} oz. and enlargement of the
liver to gg oz. Mesentenc glands were also noted to be enlarged and the kadneys contained
scattered white spots.

Tt scems likely that neither Craigie nor Reid appreciated the sigmficance of these find-
ings, and the case might not have been recalled or put on record had not Craigie been
present at the post-mortem examination of a second, very similar case, An account of
this second case immediately follows that of Craige in the Edinburgh Journal of October
1845. The patient had been under the care of Sir Robert Chnstison, but was desenibed by
John Hughes Bennett, who himself performed the autopsy and examumed the blood
microscopically The patient, a man of 28 years, had complained of ing lassitud
for 20 months and a growing tumour 1n the left side of the abdomen for 4 months The
abdominal mass, pamnless at first, had become painful during the few weeks preceding his
admussion to hospital and tender enlarged glands had appeared in the neck, axillae and
groms. In hospital he was feverish with a rapid full pulse, developed diarrhoea and died
suddenly about 21 months after the first appearance of symptoms

‘When Bennett carried out the post-mortem examination, 4 days after death, he noted
that parts of the blood clot were uncommonly yellow, opaque and dull i appearance and
that matenal resembling thick pus could be squeezed from the cut ends of many veins.
The walls of the vessels and heart did not appear diseased There was great enlargement
of the spleen, which weighed 124 oz. and had a firm yellow “exudation”, an inch deep
an(“l three inches long, on 1ts anterior surface The hver was also enormously enlarged,
weighing 172 oz. Bennett described these enlargements as “simple hypertrophy”.
Diseased Iymphatic glands, some almost as big as a hen’s egg, were found in the ingmmal
and axillary regions. Glands n the bronchial, mesenteric and Jumbar groups were also
enlarged and showed on section a greenish-yellow cut surface,

Microscopic study of the blood clot showed the presence of large numbers of colourless
corpuscles between an eightieth and a hundred and twentieth of a millimetre in diameter,
Bennett, who perhaps first became familiar with the microscopic appearances of blood




2 HISTORY OF LEUKALEMIA

penetrating final remarks in this paper. I may observe generally in reference to splenic
disease,” he wrote, “that it is probable that the spleen is greatly influenced by the de-
rangement of many of the other organs of the body: . . . for we cannot doubt, that what-
ever acts decidedly on the circulating system, must, in some degree, nfluence the spleen;
which obviously, from its structure and appearance, reccives large quantities of blood,
as subsidiary to the processes of sanguification or circulation.”

While clinicians were so close to the idea of a disorder of “ sanguification™ involving the
spleen, pathologists and microscopists had been surprisingly slow to exploit and extend
the microscopic studies of blood and the recognition of “white globules™ initiated by
William Hewson 1n 1774. According to Gowers (1879), “' examples of a peculiar alteration
in the colour of the blood, suggesting the admixture with 1t of pus”, had been recorded
by Bichat and others in the early years of the nineteenth century, and Velpeau in 1827
described a patient with enlargement of the spleen and a rather similar naked-eye appear-
ance of the blood, like the lecs of wine, but no microscopic study was carried out and these
macroscopic changes cannot be attnibuted defimitely to increased leucocyte content, The
same is true of certain earlier records of a milky appearance of blood, such as that of
von Haller, quoted by Varchow in 1845

The clear recognition of leukaemia awaited the marriage of clinical and microscopic
evidence, and this was brought about independently in several centres within a span of
half a dozen years, between 1839 and 1845. Prionty is not easy to allocate, since observa-
tion in some cases preceded publication by a number of years, while some early observers
did not appreciate the significance of their discovery. A somewhat heated controversy
on this question of priority mars the early pages of leukaemia’s history (see Gowers, 1879;
Osler, 1885, Rolleston, 1934; Dreyfus, 1949), but we need not today be unduly concerned
with the allocation of credit The discovery was not in any case a stroke of genius; the
extensive application of morbid anatomical and microscopic methods to clinical problems
had made it inevitable

In France the disease was probably first recognized by Barth and Donné. A woman of
44 years with gross splenic enlargement was admitted to the Hotel Dieu in Paris in 1839,
under the care of Barth, At post-mortem examination the blood was found to be semi-
purulent, and microscopic study carried out by Donné showed that ‘morenth:m half the

- T 3

*J'ai plusicurs fois rencontré dans le sang de malades, des proporuiuns Lollstuctduie ue
globules ayant tous les caractéres des globules de pus, et que j'aurais mttculhblement con-
sidérés comme tels, si je n’avais pas connu d’une part, la grande analogie de st.ructure et
de forme des globules purulents avec les globules blancs du sang, et de I'autre si la nalur’c
de la maladie et I'autopsie n‘avaient pas éloigné toute idée de pus c:rculgnt avec le sang. 4
e may reasonably assume that Barth’s case was among the “several” here mentioned,
and may perhaps also conclude that Donné had studied' the blood of other qukaemm
patients, since he is more likely to have noted _the. very high leucocyte numbers in leuk-
aemia than the moderately i d t in infl tory leucocytoses, and, more-
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colaurless globules. He was inclined to believe that this disease was induced by exposure
to malaria and consisted of a perversion of the nutritive functions, but he argued that

disorder.” This is pn.)bably the first account of a case recognized in Iife, but during the
next few years diagnosis of leukaemia in the hospital wards became commionplace, as
examination of blood under the microscope came to be more often employed in suspected
cases of the discase. Gowers (1879) recalled that, in August 1846, \V. H. Walshe demon-
strated to students in his class at University College Hospital, London, that * colourless
corpuscles were as numerous as the colourcd discs™ in the blood of a patient with enlarge-
ment of the spleen. Vogel, in 1849, was apparently the first to make similar observations
during hie, in Germany, but other records rapidly began to appear 1n print after this time
and an expanding and voluminous literature on leukaemia began to accumulate. John
Hughes Bennett published a treatise on leucocythemia in 1852 in which he included a
vor . £ v e PRt .

the ensuing years (1849, 1853, 1864, etc) Among the many papers, now far too numerous
to list, which appeared during these years we may particularly note Biermer's first record
of leukaemia 1n childhood (1861) and Bryant's early unsuccessful attempt to halt the
progress of the disease by removing the spleen (1866)

M hile, the ¢ ion of general physicians to the idea of this newly defined disease
was gradually occurring, a process well exemplified in the remarks appended by Dr.
Samuel Wiltks of Guy’s Hospital to his report of two further cases diagnosed durning life,
published in 1855. He wrote “ The above cases assist in confirming the observations made
by Dr Hughes Bennett respecting the connection of enlargement of the spleen with an
excess of whate globules in the blood; and they are of the more value because they contrast
wath a large number of other cases (having no disease of this viscus) where a trial of the
blood was made and no leucemtc condition found For wath the first scepticism which
attends the reading of all novel discovenes, there arose the idea of testing the blood in
various other cases, where a diseased state of this fluid rmight reasonably be suspected,
1 order to ascertain whether only one organ was capable of producing it. The best for
this purpose were thought to be all cases of suspictous abdominal tumours, whose con-

have notes of about fifty, and in none, except the two described above, did its condition
approach to what could be called leucocythaemia In . . . that class of cases which has
especially gained the attention of Dr. Addison, and which he has designated idiopathic
anaema, and where, above all others, it might be presumed that the existence of an excess
of colourless globules was probable, no such condition has, as a rule, been found In

purpura and scurvy, also, there 15 no perceptible deviation from the normal relation of the
two kinds of corpuscles.”

Although 1n these early years Jeuk ia was chiefly di:

d in association with gross
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when he earlier attended lectures given in Paris by Donné, fully described his findings in
blood, spleen and glands.

The colourless corpuscles of the blood clot *“were round, their cell wall granular, and
they presented all the appearance of pus corpuscles. Water caused them to swell and lose
their granular appearance, and acetic acid dissolved the cell wall and cauvsed a distinct
nucleus to appear. The nucleus was composed sometimes of one large granule about one
two-hundredth of a millimetre in diameter, at others of two or threc smaller granules, as
is seen in the corpuscles of laudable purulent matter.

*The exudation in the spleen was composed of amorphous fibrin mixed with numerous
molecules, granular and imperfect cells These were intermingled with bundles of filament-
ous tissue. The enlarged lumbar glands, on being pressed, exuded a fluid that was crowded
with corpuscles, some resembling the colourless corpuscles already alluded to, others oval
and round, containing a distinct nucleus

Neither Craigie nor Bennett regarded the diseases they described as primary disturb-
ances of leucopoesis. Craigie thought the disorder to be due to chronic inflammation of the
spleen and argued that the structure of the spleen was such that pus formed there would
not accumulate as an abscess but pass directly into the blood stream. Bennett also thought
the colourless corpuscles were pus cells rather than white blood cells and concluded that the
disease was a suppuration of the blood

It was left for Virchow in his description of a further similar case, published in November
1845, to recogmize the peculiar and individual nature of the disease, to identify the
abnormal corpuscles 1n the blood as white blood cells, and later, in 1847, to propose a new
name, “leukaemia”, for the disorder. This name did not receive unqualified acceptance,
for in a paper read to the Société de Biologie 1n Paris in Apnil 1851, Bennett, after describ-
ing and discussing four cases studied personally and a further eight culled from the
literature, objected to the term “*lenkaemia” as a misnomer, since the blood in this disease
was not itself white. He proposed ‘‘leucocythemia” (dexss, white, xiros, cell, and afpa
blood) as a more satisfactory descriptive term. He did, however, accept Virchow’s inter-
pretation of the nature of the disease and withdraw his former concept of blood suppura-
tion. We must agree with Gowers, who discussed this problem of terminology n 1879,

that *Leucocythemia” would really be a more apt and accurate name, particularly
since the white blood corpuscles came to be generally known as “leucocytes™ after the
first appearance of this word in 1855 in M. P. Littré and C. Robin’s Dictionnaire de
Médecine (Nysten), but, perhaps because it is shorter, “leukaemia” seems now firmly
established.

The cases of leukaemia described by Barth and Donné, Craigie, Bennett and Virchow
were all ones 1n which the blood condition was recognized only post mortem. In December
1845 a patient was admitted to St. George's Hospital, London, under t}le care of Dr.
Narrne, with a history of langour and depression for 8 months and a rapidly increasing
left hypochondriac tumour. After Ius death in January 1846, gross spl;nomegaly and
hepatomegaly were found at autopsy and the blood was noted macroscopically to be of a
peculiarly grey colour. Henry Fuller, who reported this case to the Royal Meqxcal and
Chirurgical Society in June 1846, stated that he had three times during life examined this
patient’s blood microscopically and again after death, and on ?ach occaston he found, in
addition to the natural blood corpuscles, a very large proportion of abnormal, granular,
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between the most primitive myeloblast and the fully granular myelocyte to be clearly
demonstrated.

The recognition of the myeloblast contributed also to the understanding of acute
leukaemic states In 1857 Friedrich had noted the occurrence of a new form of leukaemia
with a rapid, acute course, and Gowers {1879) made reference in bis review of **splenic
leucocythaemia™ to “‘many cascs on record in which the symptoms lasted six months
only” and some with an even shorter course. He stated, however, that “the most acute
cases on record, in which the disease runs its course in a few weeks, are usually attended
with great and rapid enlargement of the lymphatic glands and spleen”, and since this
picture is hardly typical of acute leukaemia as we now know it, the cases may have been

ples of acute inal bation of previously und d chronic granulocytic
leukaemia. The distinction of acute from chronic leukaema came about gradually;
Ebstein, in 1889, described the clinical picture of acute leukaemia on the basis of 16 cases
already recorded mn the literature, and Fraenkel, in 1895, made a careful study of the blood
cells in this condition, Fraenkel assumed that the atypical mononuclear cells he found
were early lymphocytes, and he and most of his contemporaries believed ghat all acute
feukaemias were lymphocytic, but he nevertheless concluded that these *‘lymphocytes”
were young forms capable of transforming into polynuclear cells. Ehrlich, writing on
** Histology of the blood, normal and pathologic”in Nothnagel's Encyclopaediz of Practical
Medicine (English edition, 1g03), treats these views of Fraenkel with the greatest con-
tempt. Fraenkel attributed the decrease of polynuclear cells mn acute leukaemia to “a
disturbance of the conditions necessary for transformation of young forms”, that is, toa
defect of maturation, and made the difference between acute and chronic leukaemia to
be ““that in the former the newly formed elements are thrown off from their place of origin
into the circulation with such dinary rapidity that time 1s wanting for complete
development, while in chronic leukaemia the transitton 1s probably much slower” Ehrlich,

whn n# $ha tiema ha seabn her actialn fae \Taalo 1 1ot

. . .
of the blood elements The identification of the myeloblast and the app ion of ?ts
potentralities went far to reconcile the conflicting views, acute leukaemias might be either
“lympt * or " myelog ", and while the majority of pernipheral blood leuco-
cytes 1n erther case were non-granular, mn the one case their development was restricted
to the non-granular lymphocyte line while in the other a tendency, more or less marked,
might be shown to develop along the myelocytic chain,

Leukaemuas recognized before 1913 were all regarded as examples of disease of the
lymphocytic or granulocytic seres of cells, and the occurrence of a lenkaemic proliferation
of monocytes had not been reported, but in that year Reschad and Schilling-Torgau {(1913)
described a rew form of leuk involving *“spl tes” or monocytes. The cytological
study made by these authors does not appear to have d many h logist:
of the of monocytic leuk ia as a separate entity, for in the next 15 years only
six further cases were reported (Clough, 1932), but from about 1930 onwards increasing

bers of reports evid d the spreading p of the concept

With the definition of a monocytic variety of the disease, the major landmarks in the
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splenomegaly, Virchow, in 1847, differentiated two forms of the discase, splenic and
lymphatic, and emphasized the importance of lymph node involvement particularly in
the latter form. Further major advance had to await the discovery of specific staining
methods for blood cells and the nse of haematological cytology, and contnibutions to the
study of leukaemia in the interim tended to be of uncertain interpretation and were often
frankly confusing. Thus Cohnheim, in 1865, used the term ** pseudoleukaemia™ to describe
a case with lymphatic glands showing the histological picture of leukaemia but with no
sigmificant changes in the peripheral blood, This condition may have been aleukaemic
leukaemia, but, since the study of lymph gland pathological histology was still in its
infancy, it may equally well have been Hodgkin's disease or some other predominantly
lymphomatous disease Again, Neumann's reports of extensive changes in the bone
marrow in leukaemia (1870, 1872, 1878), while of fundamental importance, led to difficul-
ties in classification and nomenclature, since he now separated 2 third category of leuk-
aemia, myelogy from the gnuized splenic and lymphatic forms.

The introduction of differential staimng methods, developed and expanded by Paul
Ehrlich from 1877 onwards and descnbed in his monograph * Farbenanalytische Unter-
suchungen zur Histologie und Khinik des Blutes” (1891), greatly facilitated fresh advance
of knowledge about leukaemia as i so many haematological fields. As early as 1879,
Ehrlich had published his findings on the specific granules of leucocytes and classified
them as eosinophul, neutrophil and basophil. He distmguished all the varieties of normal
peripheral blood white cells that we now recognize and made numer{ous and mainly ascur—

aoar s ~ s . . . P 0

0
leukaemia was essentially identical with the “ myelog ** leuk ia of N At
this stage two major subdivisions of leukaemia were thought to exist, the “spleno-

myelogenous” form in which large numbers of polymorphonuclear and mononuclear cells
containing specific granules were present in the blood, and the lymphatic form in which
many non-granufar, lear Iymphocytic cells were found.

v s P

know to be the acute myeloblastic termination of myelogenous leukaemia was also
observed and taken to be a transformation from myelogenous to Iymphatic leukaemia.
The confusion thus brought about began to be clanfied when Otto Naegeli, in 1900,
recognized and described the myeloblast. The existence of such a non-granular, mono-
\nuclear precursor of the gr:mulocyle sertes of cellf provi:ied an exp‘lannhon for the

ar.ocr o A Mmook wlnnan

- ich i ot — i introductton
ocyte with which it had previously been confused—was ass)sted.by the introdu
:53; and peroxidase staining techniques. These methods, modified and applied to
d bone marrow cells by Graham (1916), Goodpasture (1918) and later many others,
Naegeli's views on the place of the myeloblast by enabling intermediate stages
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between the most primitive myeloblast and the fully granular myelocyte to be clearly
demonstrated.

The recognition of the myeloblast contributed also to the understanding of acute
lenkaemic states. In 1857 Friedrich had noted the occurrence of a new form of lenkaemia
with a rapid, acute course, and Gowers (1879) made reference in his review of **splenic
leucocythaemia® to “many cases on tecord in which the symptoms lasted six months
only " and some with an even shorter course. He stated, however, that *the most acute
cases on record, in which the disease runs its course in a few weeks, are usually attended
with great and rapid enlargement of the lymphatic glands and spleen™, and since this
picture is hardly typical of acute leukaemia as we now know it, the cases may have been
examples of acute terminal exacerbation of previously und d chronic g locytic
leuhaemia. The distinction of acute from chronic leukaemia came about gradually;
Ebstein, in 188g, descnibed the clinical picture of acute leukaemia on the bass of 16 cases

leukaemas were lymphocytic, but he nevertheless concluded that these ““lymphocytes™
were young forms capable of transforming into polynuclear cells. Ehrlich, writing on
*“Histology of the blood, normal and pathologic " in Nothnagel’s Encyclopaedia of Practical
Medicine (English edition, 1g05), treats these views of Fraenkel with the greatest con-
tempt. Fraenkel attributed the decrease of polynuclear cells in acute leukaemia to “a
disturbance of the conditions necessary for transformation of young forms”, that is, toa
defect of maturation, and made the difference between acute and chronic leukaemia to
be *“ that in the former the newly formed elements are thrown off from their place of origin
into the arculation with such extraordinary rapidity that time 1s wanting for complete
development, while in chronic leukaema the transition 1s probably much slower” Ehslich,

PO TSR SO N T

it “very difficult to conceive of conditions which ‘would prevent the natural maturing”
of the blood elements The 1dentification of the myeloblast and the appreciation of its
potentialities went far to reconcile the conflicting views; acute leukaenuas might be either
““lymph * or “myel , and while the majonty of penipheral blood leuco-
cytes in either case were non-granular, 1n the one case their development was restricted
to the non-granular lymphocyte line whle in the other a tendency, more or less marked,
might be shown to develop along the myelocytic chain.

Leukaemtas recognized before 1913 were all regarded as examples of disease of the
lymphocytic or granulocytic senes of cells, and the occurrence of a leukaemic proliferation
of monocytes ha’d not tieen e rtez?, butn that year Reschad and Schilling-Torgau (1913)

Ancamtad -

With the defimtion of 2 monocytic variety of the disease, the ma;or landmarks in the
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panorama of leukaemia had been identified. Controversy over borderline states, inter-
relationships and innumerable details continued, and indeed is still maintained today, but
a general concept of leukaemia had emerged that has not required radical modification
in the last 30 years.
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panorama of Jeukaemia had been identified. Controversy over borderhne states, inter-
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LEUKAEMIC, SUBLEUKAEMIC AND ALEUKAEMIC FORMS II

longer than a year, yet it would be misleading to suggest that treatment had converted
them from acute to chronic forms of the disease. Agam, the onset of chronic leukaemia
may be so insidious that the disease can be present for years before the patient seeks
medical advice, and when advice is eventually sought a rapid terminal phase may have
begun, and death may ensue within weeks. An additional difficulty in applying solely
clinical eriteria of acuteness is that crises of acute symptomatology sometimes occur during
the course of chronic leukaemias and are not necessarily terminal, so that a clinical change
from chronic to acute and back to chronic may take place.

Nevertheless, clinical distinctions between acute and chronic forms of lenkaemia are
broadly paralleled by eytological distinctions and clearly reflect important subdivistons
of the disease.

‘The number of leucocytes in the peripheral blocd and the presence of abnormal
forms

In both acute and chronic lenkaemias the penpheral blood typically contains far more
than normal numbers of circulating leucocytes with many immature cells of a kind not
normally released from sites of leucopoiesis. This is the classical “lenkaemic™ picture.
Such a peripheral blood picture does not, however, always appear, and two major variants
are sufficiently to warrant d ion and a place wn any scheme of classification.

They are both states in which the general chinical picture and pathological findings in
the bone marrow during life are those of leukaemia, and in which post-mortem examina-~
tion reveals the characteristic proliferative and infiltrative nature of the disease. In the
first condrtion the leucocyte level mn the blood 1s not raised above the normal upper Emit
of about 12,000 cells per cu mm., and may indeed be decreased below normal levels, but
t are immature cells, The name “sublenkaemic leukaema™

* L .ot “les the
moder-
- of the

o mn—. .

peripheral blood alone would be impossil The hat parad 1 name “ale
Ieukaemia” is applied to this condition.

Subleukaemic and aleukaemic forms are more often encountered in the acute than in
the chronic leukaemias, and they usually become fully lenkaemmc at a later stage in the
progress of the disease. They do, however, present difficulties in early diagnosis and their
existence emphasizes the importance of bone marrow examination when clmical evidence

1 .

g the T of leuk but blood changes do not conform to the classical
pattern

Although the terms subleuk ic and aleuk leukaemia are g Ay restricted to
naturalley arsirmine cbatas of 3ha Tind dacamhad olee o vl o L oo Tavo. -

accompanied by remission m physical signs and marrow activity.

The identity of the predominating cells and their stage of maturity

Study of the differentral cytology of the peripheral blood and bone marrow aspirates
offers the most precise means of categorization of leukaemias, since any of the leucocytes



CHAPTER 2
GENERAL CONCEPT AND CLASSIFICATION

T name leukaemia refers not to a single clear-cut entity, but to a group of disorders
in which proliferation, maturation and release of leucocytes and related cells are no longer
kept within bounds by the normal physiological mechanisms of control. There is enor-
mously increased activity at sites of leucopoiesis and these sites greatly expand, while
large numbers of leucocytes, including immature forms, are often released into the circula-
tion and are found infiltrating many tissues. The discase, untreated, is invariably fatal,
and no successful form of curative or permanently controlling therapy has yet been
discovered.

Classification

In classifying leukaemias reference may be made to the clinical acuteness of the disease,
the number of leucocytes circulating in the peripheral blood and the presence of abnormal
forms, the identity of the predominating cells and their stage of maturity, and the site
of origin of the proliferating leucotytes In addition, the need for clarity and consistency
in nomenclature must be met as far as possible, and this is not altogether easy when cells
of wide potentialities and uncertain relationships are involved. Finally, certain ‘‘para-
leukaemic™ states must be discussed.

Acuteness of the disease

A general distmction can be made on chnical grounds between acute and chronic
Jeukaemias. In the former the onset 1s commonly rapid and the course short and severe,
with dramatic symptoms and physical signs of fever, anaemia, haemorrhage, tissue infil-
trations, buccal ulceration, secondary infections of respiratory tract, and the like; if the
disease is untreated, death usually occurs within 3 months of the onset. In chronic leuk-
aemia, on the other hand, the date of onset 15 often uncertain, so insidiously do symptoms
commence; the condition progresses relatively slowly and may remain mild for long
periods with few manifestations of disease other than pamless splenomegaly or lymphatic
glandular enlargement. Patients with chronic leukaenuas nearly always survive more than
a year from the time of first symptoms, commonly for 3 to 5 years, and occasionally for
very much longer. The survival differences between acute .and chronic forms of the dxsea;e
have been used to provide arbitrary imits, cases of duration less than 3 months (Sturgx's,
1955) or 6 months (Custer, I949) being regfsrded as'acute, tgxose of more than a year’s
duration being called chronic, while cases of mgen-fzedxate survn'ral, between 3 or 6 months
and 1 year, are described as subacute. Such E:r}tena may be validly appllxed to many cases
of untreated lenkaemia, but their general rigid adoption would be quite unsatisfactory
for a variety of reasons. Cases with the classxf:al presentation of acute Ieukaenua., tvivhe_n
treated by methods now available, often survive for longer than 6 months and, indeed,
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or of irregular nuclear and cytoplasmic outline. When izable bl i

the picture, the acute leukaemia may clearly be labelled Iymphablashc The eqmvalent
acute leukaemia of the monocyte serics, with bl and early p ytes in the
blood and bone marrow, is separable on morphological g ds into two subdivisions.

In the first, a mixed picture of early monocytic and myelocytic cells 1s seen, and this
variety is called acute myelo-monocytic leukaemia or the Naegeli type of acute leukaemia,
since Naegeli (1923) was a strong exponent of the view that monocytes may be derived
from the myeloblast or early myelocyte. In the second subdivision the monocytic pro-
liferation is ixed with Tocytic el ; the picture conforms more to the views
of Schilling (1926) that monocytes have an independent origin from the reticulo-endo-
thelial system and is accordingly described as the Schilling type of acute leukaemia. When
the cells of acute leukaemia show no evidence of duffe iation beyond the myelobl.
Iymphoblast or monoblast stage, their identification becomes very much a matter of
opinion, even when phase-contrast microscopy, supravital staimng and histochemistry
can be brought to bear on the problem, and many authorities think 1t best in these circum-
stances to speak of acute “'stem cell” leukaemias,

The parallel already instanced between the clinical acuteness of the disease and the
degree of lasia or lack of dil iation of the predominating cells is also seen 1n the
acute crises occurring during the course of chronic leukaemtas, particularly the granulo-
cytic vanety. At such a time the mature cells earlier providing the greater part of the
peripheral leucocytosxs are replaced by pnmxm e cells, and the blood and marrow findings
become 1nd: morp lly from those of acute leukaemia. Subacute forms
of leuk may also be distinguished cytologically as well as clinically by their posses-

sion of a leucocytic pattern intermediate betw een those of the acute and chronic types of
the disease.

‘The site of origin of the proliferating Ieucocytes

Very broad subdivisions of 1 may be i d 1 terms of the site of origin
of the affected cells. Thus myelogenous or myelosd leukzemms are those i fn ol\'mg Ieuc(r
cytes normally neadnred fram +ha hane macean = hi1-

aemias =t . "
would t

granuloe -

acute a.

annenach heet tha mlamee L = 1 ..

To-.

.

not nnd general among b A second dxsadva.ntage of this nomen-

clature 15 that it tends to regard the prohfemme process, by implication, as confined to
the sites of normal ongm of the aﬁec!ed leucocytes, “hereas  extramedullary leukaermc

marrow is
Despite th "

genous, are commonly employed a.nd serve a useful purpose when a more specific d&slgna—
tion 15 unnecessary or impossible.
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normally found in the blood and any of the recognized precursor cells of the leucocytic
series may be found to be increased in leukaemias of different kinds. It is generally true
that predominance of more mature cells is characteristic of leukaemias with clinically
chronic symptomatology and course, while more primitive, less differentiated, cells occur
in clinically acute leukaemias.

When the predominating leucocytes are clearly differentiated, as is the case in chronic
leukaemias, few difficulties arise I classification Two chief varieties of chronic leukaemia
may be separated on this basis those with a myelocytic and polymorphonuclear picture,
chronic myelocylic or g locytic leuk: and those with a mature lymphocytic picture,
chronic lymphocytic lenkaemias. Neutrophil myelocytes, metamyelocytes and polymorphs
are typically found in chrome granulocytic leukaemia and the name ““neutrophilocytic
leul * has been r ded by some authorities (e.g. Forkner, 1938) for this
disease. This name offers a sharp distinction between the common form of chronic
granulocytic leukaemia and the very rare varieties in which eosinophil or basophil leuco-
cytes and their precursors predominate, but although “‘chronic eossnophilic lenkaemia”
and “chronic basophilic leukaema” are necessary terms to describe these rare diseases,
ordinary granulocytic leukaerma involves not only the neutrophil series, but also, to a less
marked extent, both eosinophil and basophil cells, and the more general word ‘‘ granulo-
cytic” or “myelocytic” appears more appropriate than ‘‘neutrophilocytic” or “neutro-
philic” in its designation Comparable subdivisions are, of course, unnecessary in the case
of chronic lymphocytic leukaemia, but a difficulty arises from the close cytological
similarity of lymphosarcoma cells to mature lymphocytes, and those examples of Ilympho-
sarcoma with spill-over into the blood stream may be referred to as 2 lymphosarcoma cell
variety of leuk ia, or as “lenk *. VVhile the granulocytic and lymphocytic
forms of chronic leukaerma are clearly defined, there 1s less certainty about the existence
and frequency of a third kind of chromc leukaemia, mvolving the monocytic series. Sinn
and Dick (1956) reviewed the small number of adequately documented reports of cases
behieved to fall into this category and could find only fourteen conforming to their criteria

of a duration greater than 12 months or absence of monoblastic proliferation suggestive
of an acute leukaemia. They added a further eight cases, but pointed out that “ the rarest
type of chronic monocytic leukaemia 1s that in which monocytosts, of considerable degree
and consisting of mature cells 1s present m the blood for long periods of time”. Most of
their accepted cases had an anaemc or cytopenic onset, remained aleukaemic or sub-
Jeukaemic for a great part of their course, and only developed frankly monocytic leukaemic
changes towards the final stage of the disease. Despite the rather indefinite and non-
specific nature of chrome monocytc leukaerma, ft 1s‘ctjnv.emenf to retain th:x':ame asa
pigeon-hole for the present and to defer more [ of its p content
until a later chapter.

The cytology of the

e blood and marrow cells in acute leukaemias lends itself lessreadily
<en aiman +ha mara immature cells present in the acute diseaseare
tiation along one or other
yeloblasts and promyelo-
or wmyeloblastic-promyelo-
bl ana pdrdm fic are sometimes used
able as such, are respectively smaller than usual

c;'lic leukaemia. The terms mcromyel
when the myeloblasts, though recogniz:
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variant between a solitary myelomatous nodufe and a plasmacytic “leukaemia ” with high
peripheral plasma cell leucocytosis, while chloroma is a variant of acute myeloblastic
leukaemia 1n which local tumour formation, particularly in the periosteum and bone of
the skull, is a striking feature. In this class of malxgnant paraleukaemic disorders a place

should be found for lymph with ns **leul * variant “lenkosarcoma”, already

mentioned in connection with lymph ic leuk ia, and also for refi cell sarcoma

which bears an uncertain xelatlonshlp to monocytlc leukaemia,

Table of classification

. - - PEENt [T
e
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diseases. Subacute forms of disease are not iently sharply diffe iated to \warrant

an elaborate tabulation; they are ble only as states i

between acute and chronic leukaemias with vanants and related conditions not separately
defined from those of their corresponding acute and chronic parallels,
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“Paraleukaemic” states

GENERAL CONCEPT AND CLASSIFICATION

Under this convenient general heading may be grouped a number of conditions, not
specifically leukaemic in nature, but bearing a close relationship to leukaemia. These
include other prohferatwe dlsorders of haemopmehc cells, such as polycythaemia vera and
eryth ryocytic f and myelofibrosis, which exhibit a close
paralleltsm to the leucocytlc disorder of leukaemia and may develop into partially or even
frankly leukaemic states. Certamn conditions of medullary aplasia must also be included
here, since leukaemias sometimes undergo an aplastic change and apparently pure aplasias
sometimes become unequivocally lenkaemic. Finally, multsple myeloma and chloroma
provide examples of conditions intermediate between unifocal solid tumours and multi-
focal, generally disseminated, proliferations, since plasma cells may give rise to any

Tavte 1 Classification of Lewkacma

Degree of climcal
General grouping teness and. Usual
accordng 10 sike sverage survival predomnaisng
oforigin untreated cell type Lewkaomec varants Reloted states
Acute locytic v
(less than 6 Subleukaemic myelosis
months) Alenkaemic
Micromyeloblastic
Paramyeloblastic
Myelo-monocytic (Naegel)
CHloromatous
Myelod or Mixed erythro-leukaemsa
myelogenous | Subacute Promyelocytic-  No separately defined Subacute erythrae-
(6~12 months) myelocytic vanants mic myelosts
Chronic Granulocytic Subleukaemic Myelosclerosis
(more than 12 myelocytic and  Aleukaemic Polycyth2emia vera
months) polymorpho-  Eosmophilic Megakaryocytic
nuclear Basophilic ‘myelosis and
Acute risis
Leuco-erythroblastic Chromc erythraemic
L ‘myelosis
Acute L L pl
(less than 6 cytic Iymphoblastic
months) Sublenkaemic lymphosarcoma
Aleukaemic
Lymphod of [ gupacyte Prolymphocytic  No separately defined vanants or related states
Iymphogenous | “(5_12 months}
Chromic Lymphocytic  Subleukaemic Lymphosarcoma
{more than 12 Aleukaemic
months) Lymphosarcoma-celt
leukaemia
Acute Undifferentiated  Subleukaemic 2 Reticulum cell
stem cells Aleukaemic sarcoma
 Reteulum cell e .
aegel cel
N atie monocy ® sarcoms
Of vanable, ot Y ote and Subleuksermic ? Histiocyto
le of eukaemic medullai
n Usuall; or
one plasmacytic alewhemic with solitary o

multiple plasma cell mye-
loma tumours
Rarely levkaerme
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statistics, while not strictly comparable, strongly suggest that the deaths from leukaemia
almost doubled in numbers between 1920 and 1930. With reference to this remarkable
rise in mortality from leukaemia, Hewitt {1955) has pointed out that it js proportionately
greater than that due to any other disease with the exception of cancer of the lung and
coronary thrombosis. Moreover, similar increases have been obscrved in every country
from which statistics are available; figures for the United States, Canada, Denmark, and
Scotland, quoted by Court Brown and Doll (1957), pravide examples. They are shown in
Fig. 2. Other comparable rises have been reported from their respective countries by
Lancaster (1955, Australia), Gunz and Hough {19356, New Zealand), Husebye and Gaustad
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and diagnostic facilities and to the more ready recognition of atypical forms of the disease.
These factors may certamly have contributed to the statistical increase, particularly in the
earher years, but 1t 1s hard to beleve that they can account for more than a small part of
the extensive and persistent nse in notifications that has continued without check to the
present time

Incidence of lenkaemia according to type

It 15 not possible as yet to obtain adequate data on the mcidence of different clinical and
cytological types of lenkaemia from national statistical records, since the analysis of death
certificates for past years does not provide appropriate divisions. The sixth revision of the



CHAPTER 3

THE INCIDENCE AND EGOLOGY OF LEUKAEMIA IN MAN

Vital Statistics

General incidence of the disease

The relatively incids of leuk ia and its superficial resemblance to other
diseases prevented the accumulation of much informative statistical data in the early
years of this century. Before 1920 the International List of the Causes of Death did not
separate leukaemia and aleuk ic leukaemia from Hodgkin's disease and *‘pseudo-
leukaemia®”, and even after this date aleukaemic leukaemia remained classified with
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Fic 1. Mortality from leukaeria 1n England and
Wales, 1931-1954

Hodgkin's disease until 1938. Following the 1938 revision a retrospective correction of
the figures for England and Wales between the years 1931 and 1939 was m§de by the
Registrar-General (1940) and reasonably compara‘ble figures are therefore' available from
1g3T onwards of the overall incidence of leukaemia, arrespective of type, in England and
Wales. They are given, and depicted graphically, in Fig. 1. The sharply rising trend sallrlxce
1931 almost certainly continued an existing tendency to increase, for the earlier mortality
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statistics, while not strictly comparable, strongly suggest that the deaths from Jeukaemia
almost doubled in numbers between 1920 and 1930. With reference to this remarkable
rise in mortality from leukaemia, Hewatt (1955) has poimnted out that it is proportionately
greater than that due to any other disease with the exception of cancer of the lung and
coronary thrombosis. Moreover, similar increases have been observed in every country
from which statistics are available, figures for the United States, Canada, Denmark, and
Scotland, quoted by Court Brown and Doll (1957), provide examples. They are shown in
Fig. 2. Other comparable rises have been reported from their respective countries by
Lancaster (1955, Austrahia), Gunz and Hough (1956, New Zealand), Husebye and Gaustad
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(1956, Norway), Nordenson and Asplund (1956, Sweden), Donner and Maly (1954, Czecho-
slovakia) and many other authors It has often been argued that the apparent increases
in mortality from Jeuk ia are partly attri] to impr 1 medical services
and diagnostic facilities and to the more ready recognition of atypical forms of the disease.
These factors may certainly have contributed to the statistical increase, particularly in the
earlier years, but it 1s hard to beheve that they can account for more than a small part of
the extensive and persistent rise 1n notifications that has continued without check to the
present time

Incidence of leukaemia according to type

Tt 15 not posstble as yet to obtain adequate data on the incidence of different clinical and
cytological types of leukaemia from national statistical records, since the analysis of death
certificates for past years does not provide appropriate divisions. The sixth revision of the
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Intematioqal List of the Causes of Death (1948) was the first to introduce subdivisions of
let.lkaemia into cytological types, but permitted scparation only of “myeloid”, “lymph-
atic” and “monocytic” varieties without reference to acuteness of the disease. On this

incomplete basis the firnres fram Froland and Walac hobane vara ~— R IR A ]
45 per ¢

tolymp

““acute R L.
respectively 6 per cent and 3 per cent of the certifications. A more compr ive classi-

fication is available in the current (7th) revision of the International List (19ss), the
heading 204, dealing with leukaemnta, being subdivided as follows.

204.0—Lymphatic leukaemia.

204.1—Myeloid leukaemia.

204.2—Monocytic leukaemia.

204.3—Acute leukaemia (this will include leukaema unqualified and any condition
1 204.0 and 204.1, if specified as acute, but acute monocytic leukaemia will
stay 1n 204.2).

204.4—Other and unspecified leukaemias.

A further breakdown of acute leuk into lymphoblastic and myeloblastic is not
allowed for in the List, but this division is being made, when possible, in the United
Kingdom, and figures on this more detailed basis are at present being collected by the
Registrar-General 1n this country,

Until national statistics of a more comprehenstve kind are published, based on the 7th
revision of the Internatronal List of the Causes of Death, there are few figures available
for the incidence of leukaemta subdivided according to cytology and chronicity and
derived from unselected populations Using information extracted by the Registrar-
General from the records of all persons certified as dying from leukaemia in England and
Wales between 1945 and 1957, Court Brown and Doll (1959) have retrospectively re-
classified the cases and calculated separate mortality rates for the acute and chronic forms
of the disease  The percentage of total leukaemia mortality attributed to each of the chief
cytological forms of leukaema 1n the adult population as a whole over this period proved
to be 19-8 for chromc myeloid leukaemia, 21-2 for chronic lymphatic leukaemia, and
39 for acute leukaerma. The relattve frequencies of the cytological varieties of acute
leukaemra were myeloblastic 43 per cent, lymphoblastic 2r per cent, and other and un-
specified acute leukaemas, many of them presumably monocytic, 36 per cent. The in-
formative survey of Court Brown and Doll, to which farther reference will later be made,
provides the nearest approach to adequate national data published in this country.
Comparable figures from other parts of the world have not yet appeared: T}.xere are, of
course, many sertes of collected cases with varying degrees of subdxvlsm.n into types,
derived from hospital or clinic experiences, but such records are from highly §elected
populations and do not necessarily represent the true meidence of the disease in total

populations at risk (Gilham, 1953). Data from general populations have been collected
by Sacks and Seeman (1947) for the City of Baltimore between the years 1939 and 1943,
and by Gunz and Hough (1956) for New Zealand between 1950 and 1954, but the ﬁf'st
series included only 154 cases (57 incompletely classified) and the second only 553 (30 in-
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letely classified). These bers are too small to allow firm gencrahzatmns about the
relative {requencies of different types, but it 1s noteworthy that in each series more than
6o per cent of the classifiable deaths were due to the acute form of the disease, a proportion
considerably higher than that found in most hospital series but closely similar to that

Tasis I1. Relativs Frequency of the Mayor Verieties of Leukaemia

Ferod Number Clm;‘:‘e lc‘ Aatie Aculy
of T s s e
Anthor study cases ©a) ) ) . Commmt

Ward (1917} — 729 0 ns 545 —_
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Harns (1935) 7318 447 380 33 387 —

Bethell (1943) 1530 199 384 156 420 Bo cases of leukosarcoma and 16 of
*‘chromic histiomonocytic™ leukaemia
are exclud

Gauld ef al,

(1053) 13 ¥Ts 647 26 1 310 419 -
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Limaru (1952) 26 y1s 892 239 3z “49 T % b
Gunz and
Hough {1956) 5yTs 323 186 153 66°1 30 unclassified cases are excluded
Sacks and
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Guasch (1954
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Tasie II1 Relative Frequency of Cytological Variehes of Acute Leuhaema
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o [
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Rosenthal and 7yrs 73 774 85 41 — —
Harns (1935)
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Southam e ! 23 yrs, 172 o i — 21 Predomnance
{1951) of children 1n
senes
Best and 26 yrs 401 376 163 97 364 —
Limarz (952)
Gllnz;)nd Hough 5 yms 346 38z 376 20 222 -
105!
Scott {1957) 12 yrs 169 49 7 337 136

—_ Few children in
senes

gwen by Court Brown and Doll The ﬁgures are given, together \vnh those from a number

of 41n
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centres make the figures approximate and not strictly parabl Eertam diff




20 THL INCIDENCL AND ECOLOGY OF LEUKAEMIA IN MAN

are sufficiently marked, however, to deserve comment. In Table 11 the earlier case collec-
tions (Ward, 1917; Rosenthal and Harris, 1935; and Bethell, 1943) show chronic myeloid
leukaemia to be much more common than the chronic lymphatic form, whereas the later
series show a rough equality of incidence. This feature, taken in conjunction with the
overall inicrease in the mortality rate from leukaemia, suggests that the incidence of
chronic lymphatic leukaemia is rising more sharply than that of chronic myeloid.

The wide variations in the reported incidence of the different varieties of acute leukaemia
shown 1n Table I11 are almost certainly due to individual varation in classifying similar
matenal. As Gunz and Hough (1936} point out, it seems unlikely that, with the general
umformty in total incidence of leukaemia over a large part of the world, there can exist
such extreme variations 1n the type distribution, particularly when the most pronounced
divergencies are recorded in reports from neighbounng parts of the United States, In the
absence of generally accepted and clear-cut critena for dufferentiation of acute leukaemic
cells, no firm conclusions can be drawn as to the refative incidence of types, and the data
collected in Table IIT serve merely to underline this point.

The inad of aleul and subleu} ic leuk of various kinds is not in-
cluded in the tables, since information as to its relative frequency in the series listed is not
uniformly available Such data as have been published on this matter suggest a fairly
high incidence. In the series of Gauld ef al (1953), 216 per cent of the cases had a leuco-
cyte count that did not exceed 10,000 per cu. mm., while among 123 cases of leukaemia
encountered by Kirschbaum and Preuss {1943) 1n a series of 14,400 necropsies, 11 per cent
were recorded as *‘aleukaemic” It 15 probable that a much higher percentage of cases,
particularly acute ones, are aleukaemic or subleukaemic at some stage of the disease.

Incidence of leukaemia in relation to age and sex

Leukaemia occurs slightly more commonly among males than among females. ¥ig. 3
shows the comparative mortality in England and Wales between 1931 and 1955 and
1llustrates the persistence of the sex difference A breakdown of the figures according to
their classification as myeloid, lymphatic or monocytic can be made from the data avail-
able 1n the national statistics for 1950 onwards The incidence of these vaneties of disease
according to sex from 1950-53, given by Hewatt (1955) are as follows*

Per cent male
Lymphatic leukaemia 58

Monocytic leukaermia 54
All types of leukaemia 53
All causes of death 51
Myeloid leukaemia 49

The difference between the sex ratios for lymphatic and myeloid leukaem1a 1s too great
to be due to chance or to be attributed to local variations in diagnosis The greater
longevity of females would tend to reduce rather than increase the sex ratio of lyrflphatm
as compared with myeloid leukaemia, smce there 15 evidence that tl}e lymphagu: fgrm
occurs more often at the extremes of hfe, Hewitt concludes that “ there is some aetmlqglca_l
difference between the two main types of leukaermia, which must be ass?cu:xted thh':‘;
difference between the sexes 1n exposure ot susceptibihity to leukemogenic influences™.
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This conclusion 1s almost certainly correct, but the figures must be regarded with caution
since under both *‘lymphatic™ and **myeloid* len} are grouped unknown b

of acute leukaemias whose allocation to one or the other cytological division may be open
toquestion Where it is possible to calculate sex ratios from material separated into acute
and chronic categories as well as into cytological types, as in the case series of MacMahon
and Clark {1956), Shimkin and his colleagues (1951, 1953), Gauld and his colleagues (1953),
Gunz and Hough {1956) and Court Brown and Doll {1959), the male predominance is
seen to be most marked in chrome Jymphatic leukacmia, with about twice the mncidence
found 1n females, while in chrome myeloid leukaernia and 1n acute leukaemia the difference
is smaller.
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Fic 3 Mortality from leukaemia 1n the sexes in
England and Wales, 1931-54

The general pattern of mctdence m either sex and at different ages is not easy to define,
simce the pattern 1s undoubtedly changing in parallel with the overall rise in mortality
rate from lenkaemia. Recent statistical surveys emphasize the conspicuous increase in
the mcidence of leukaema 1n the older as contrasted with the younger age-groups. Sacks
and Seeman (1947) noted that the general death-rate from leukaemia increased by 61 per
cent between 1931 and 1940, but by Io4 per cent m the same period for those aged over
64 years A comparison of death-rates in the United States in 1930~34 with those in
1950-54 by the Metropolitan Life Insurance Company showed a rise of 83 per cent in the
mortality from leukaemia among males 1n age-groups below 45 years but a rise of 183 per
cent in those over 45. This sharp age difference was not found among females dying from
leukaemia, Cooke (1954) analysed certan features of lenkaemia occurrence from the
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Vital Statistics of the United States for 1930 to 1949 with special reference to age. The
mortality rates in 1930 were compared with those for 1940 and 1949 for each 5-yearly
age-group from 0-4 upwards to 75 and over, The figures show small increases in incidence
over the 20-year period for age-groups below 50, but above this age the rise in mortality
is very striking (Fig. 4). While the relatively small apparent rise in the younger age-
groups might be due to better diagnosis, the evidence strongly suggests that a real and
sharp increase in the incidence of leukaemia is occurring in persons over 50 years of age.

ns-‘

2] /

s

TEIRI RS

Yihs B EEEEEE

PrEEEEEGEEEBEGE
My Greups

F16 4 Inadence of leukaemua by age 1n 1930, 1940 and
1949 (After Cook, J' V., 1954.)

An alternative and precisely opposite interpretation of very similar data relating to
to the population of England and Wales between 1945 and 1957 has, however, been
urged by Court Brown and Doll (1959). 'These authors pomt out that unprovemenlt)s in
diagnosis and in accuracy of death certification durng the period studred hzve : ;en
especially notable in the older age groups and that §everal causes of deaﬂ:l other han
Jeukaemia have shown a comparable large apparent increase, while a large decrte}?ste ! :s
been observed in the deaths attributed to semility. They therefore conclude that the
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apparent increase in mortality from chrome Iymphatic Jeukaemsa and a considerable part
of that attributed to other forms of leukaerma at ages over 6o are due to better diagnosis,
whereas the smaller increases in death rates from acute leukaenma in younger pnﬁmts
are more fikely to be real, and perhaps secondary to Icul.aemogcmc factors in the environ-
ment. The arg ¢ 1s the more ble in that iderable imp: ts in geriatric
services have undoubtedly taken place in Great Bntain since 1948. Whether 1t can be
sustained in relation to the elderly populations of other countries, where similar mortality
changes have occurred, remains to be scen
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Fic. 5. Incxdence of leukaemua by age, sex and type n
New Zéaland, 1g50-54. (From the data of Gunz
and Hough, 1936

Gunz and Hough (1956}, studying leukaemia mortality in New Zealand, have shown
that here also death-rates rise abruptly a!ter the age of 50 and suggest that this may be a
cent phi The ification of cases presented Little difficulty

in this senes, over g6 per cent of the total number being unequivocally either acute or
«:.hromc thh respecm c dumuons o{ Iess than of months ormore than x5 months and having
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frequency of the major types of leukaemm 1 New Zealand according to age and sex,
during the years 1949~53. Thesc findings, and those from the studies of Gauld and his
assaciates and of Cooke, are not fully in conformity with past beliefs about the age

id of leuk ia, nor with sta appeanng in several of the current haemato-

logical texts. Wintrobe (1956) wrote. " Leukaemia occurs more often in the first five years
of life than at almost any other period Until the age of twenty the great majority of
cases are acute. From this time unti forty-five years of age chronic myelocytic leukaemia
is most common. After the age of forty-five the tide turns and chromic lymphocytic
leukaerma becomes the predominating form of leul fa." Whitby and Brtton (1957}
desenbed acute myelord Jeuk ia as most i children and young adults, acute
lymphatic leukaenma as having its ghest icidence in the first 5 years of life and becoming
relatively rare after the age of 25, chronic myeloid leukaemm as most common between
30 and 65, and chronc lymphatic leukaema as accurnng from 35 to 8o wath a peak in the
sixties  Such st represent widespread chmcal imp and were not clearly
contradicted by the statistical data avalable before 1950 There can no longes be any
doubt, however, that these views on leukaermia mcidence in relation to age and type
require substantial revision, Figs 4 and 5 demonstrate the relatively high incidence of
all forms of leukaerma 1n those over 50, and the data incorporated 1 Fig. 5 support the
view that acute leukaemia 1s 1 fact more common among the old than in the young;
indeed, the acute form of the disease 1s the most commonly occurring variety in all age-
groups except in those over 75, where it 15 equalled or slightly exceeded 1n frequency by
chromc lymphatic Jeuk The infe drawn from these death-rate comparisons
are supported by absolute figures of case incrdence m several recent surveys. Of 7,593
cases analysed by Cooke {1954) from the U 8.A , x9-3 per cent occurred in the 0-34 age-
group, 26 5 per cent 1n the 16~49 age-group and 542 per cent in those aver 50. The com-
parable age-group percentage incidences in the 647 cases of Gauld #f al. (1953) were x7, 34
and 48 respectively, and those i the §53 cases of Gunz and Hough were 20, 229 and 57°1.

A general summary of the madence of leukaema at present in relation to age, sex and
type of disease may be stated as follows. Leukaerma occurs at all ages but is predominantly
a disease of the elderly and 1s least common from 16 to 55. Males are affected more
frequently than females at all ages, but the sex difference is small m the middle years,
rather more marked in the o-5 age-group and most conspicuous from 55 onwards. The
disparity in sex wncidence 55 least prominent in the case of chromc myelod leukaemia.
Acute lenkaemia 1s the mast common variety at all ages, its madence 1s low between 16
and 55, hgher i chijdren and maximal in the elderly Chronic myeloid feukaemia is rare
in children but has a steadily nsing mcidence with increasing age from 16 onwards
Chronic lymphatic lenkaema 1s rare before 35 but also steadily increases in frequency
from thns age onwards Tt 15 not possible at present to make any substantiated distinctions
between the incidence of the gifferent cytological varieties of acute leukaema, although
the disease in children 13 rarely diagnosed as myeloblastic, being most often described as
undifferentiated” by some authorities and as "Iymphablash.c" by others.

Although, as we have seen, leukaemia mortality in early childhood is far less than that
in the elderly, the mcidence of the acute diseqse in the first 5 years of hfF is greater t]?an
that in any subsequent age-group until the sxx'tzes‘ Moreover, th.e distribution of child-
hood deaths from this cause follows a characteristic pattern During the first 2 years the
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incidence is moderately high (about 25 to 30 per million in England and Wales), but in
the third and fourth years it rises to about twice the original level. From the fifth to the
ninth years a sharp fall occurs, followed by a slower progressive decline to the minmal
incidence in middle life. This peak in leukaema incidence at the ages 3-4 was observed
in a series of 1,500 cases collected by Cooke {1942) and is app 1 the national statistic

of the United Kingdom. The sharply changing age gradient was regarded as peculiar to
leukaemia for some years after it had been noted. Thus Hewitt {19535) could discover no
parallel in any other cause of death for which statism‘:s were available, and in pamc.ular
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Fic 6 Agencidence of deaths from lenkaera (o—a)
and malignact disease {0—0) i children under
10 years (After Witts, rgs7)

system. More recent studies, however, suggest that other forms of neoplastic disease in
childhood may perhaps have a similar age distribution. Witts (19574) recorded the pre-
liminary results of an mvestigation by Stewart and her colleagues on the age incidence
of 670 cases of leul and 743 of mal disease in children under 10 years The
curves of age madence, reprodaced m Fig 6, are closely similar. The figures, obtamed
from the Regstrar-General, relate to all deaths from these causes 1n children in England
and Wales 1n 1953 to mid-1955

Racial and geographical incidence of leukaemia

Little 1s known about the relative incidence of leukaenua among different races and in

different areas of the world. National statistics of leukaemia mortahty, when they are
c
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frequency of the major types of leukaemia i New Zealand according to age and sex,
during the years 1949-53. These findings, and those from the studies of Gauld and his
associates and of Cooke, are not fully in conformity with past beliefs about the age
incidence of leukaemia, nor with statements appearing in several of the current haemato-
logical texts. Wintrobe (1956) wrote: ** Leukaemia occurs more often in the first five years
of life than at almost any other period Until the age of twenty the great majority of
cases are acute, From this time until forty-five years of age chronic myelocytic leukaemia
is most common. After the age of forty-five the tide turns and chronic lymphocytic
leukaemia becomes the predommating form of leukaema,” Whitby and Britton {x957)
described acute myeloid leukaemra as most common in children and young adults, acute
lymphatic leukaerma as having its highest incidence 1n the first 5 years of life and becoming
relatively rare after the age of 25, chronic myeloid Jeukaemia as most common between
3o and 65, and chronic lymphatic leukaemia as occurning from 35 to 80 wath a peak in the
sixties Such statements represent widespread clinical impressions and were not clearly
contradicted by the statistical data available before 1950, There can no longer be any
doubt, however, that these views on leukaemia incidence m relation to age and type
require substantial revision. Figs 4 and 5 demonstrate the relatively high incidence of
all forms of leukaemia m those over 50, and the data incorporated in Fig. 5 support the
view that acute leukaemia 1s in fact more common among the old than in the young;
ndeed, the acute form of the disease 1s the most commonly occurring vanety m all age-
groups except i those over 75, where it 15 equalled or shightly exceeded in frequency by
chromc lymphatic leukaemia The inferences drawn from these death-rate comparisons
are supported by absolute figures of case incidence 1n several recent surveys. Of 7,593
cases analysed by Cooke (1954) from the U.S A., 19-3 per cent occurred in the 0-14 age-
group, 26-5 per cent in the 16-49 age-group and 542 per cent in those over 50. The com-
L B e S e e e 17, 34
*~gand 57-1.
age, sex and
type of disease may be stated as follows Leukaemia occurs at all ages but 1s predominantly
a disease of the elderly and is least common from 16 to 55 Males are affected more
frequently than females at all ages, but the sex difference is small in the nuddle years,
rather more marked in the o-5 age-group and most conspicuous from 55 onwards The
dispanity m sex incidence is least prominent in the case of chronic myeloid Jeukaema.
Acite leukaemia js the most common variety at all ages; 1ts incidencs: 1s Jow bef:wveen 16
and 55, higher in children and maxumal in the elderly. Chronic myeloid leukaemia 1s rare
in children but has a steadily rising meidence with increasing age from .16 onwards
Chronic lymphatic leukaemia 15 rare before 35 but also steadily increases in frequency
from this age onwards. It is not possible at present to make any substantlated.dxstmctlons
between the incidence of the different cytologrcal varieties of.acute leukaemia, although
the disease in children is rarely diagnosed as myeloblastic, bem,g most often described as
undifferentiated” by some authonities and as “lymphoblast{c by a.thers.

Although, as we have seen, leukaemia mortality m early childhood is far less than tt}l:at
in the elderly, the incidence of the acute disease 1 the first 5 years of 1119 15 greater than
that in any subsequent age-group until the sixties. Moreover, the distribution of child-
hozdlgeatﬁ’s from this cause follows a characteristic pattern. During the first 2 years the
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to a higher recorded incidence are not cleatly determined. Certainly, it is likely that more
complete diagnosis will take place and fewer cases of leukaemia be missed, but this
explanation can hardly account entirely for the substantial differences existing, since
leukaemia is not usually difficult to recognize and is mnvariably fatal. A second possibility
deserving consideration is that a high rate of medical care is itself in some way conducive
to the development of leukaemia. The application of X-rays and radioactive isotopes in
diagnostic procedures and m treatment and the use of drugs with potential toxicity to-
wards the haemopoietic system provide examples of possible leukacmogenic aspects of
medical care,

Close study of leukaemia mortality i the United States has therefore not revealed any
undoubted ethmc or ractal predisposition to the disease, despite the multiplicity of races
making up the population, but a parallel between economic conditions and leukaemia
incidence has been established. A similar, though less cl nt, ient in incids
between the lower and higher soctal groups has been demonstrated in the United Kingdom
(Hewitt, 1955). Although the matter is at present conjectural, differences in death-rates
attributed to leukaemta mn various countries of the world may perhaps vary roughly in
accordance with the standards of life, and in particular the standard of medical care,
existing in those countries ™™ * * ** N s N -
from those less well-develof
cidence of the disease might R
16 countnes for 1950-52 has been published by the World Health Organization (1955),
but the only non-Western country included in the survey was Japan. It may be significant
that here alone among the 16 countries there appeared to be no rise in incidence in the
older age-groups, while the overall death-rate was as low as 20 per mllion

Hereditary influences

The occurrence of such a rare disease as leukaemia i more than one member of a
family is a remarkable event, and therefore likely to be reported in the literature, The
teviews of Videbaek (1947) and Guasch (1954) show that consanguinous cases of the
disease have, 1n fact, been noted about 150 tumes, and in some of these instances as many
as 4 or 5 members of the same famuly were affected. The mere existence of so many case
reports might suggest that genetic factors were involved, and 1t is certainly difficult to
believe that chance could account for such remarkable famulial occurrences as that
reported by Anderson (2951), where 5 of 8 siblings developed acute leukaemia 1n childhood.
Nevertheless, statistical genealogical surveys of the famihes of leukaemic patients com-
pared with suitable control material have not yielded consistent results, and the con-
tnbution of heredity to the incidence of leukaemia remains undetermed.

Videbaek (1947) made the first substantial survey of this problem along genealogical
lines 1n Denmark. He obtained information about the incidence of leukaemia, certain
other diseases of the blood, endocrine system disorders, and cancer in the parents, grand-
parents, paternal and maternal uncles and aunts, brothers, sisters, and children of 209
patients with leukaemia. The famulies of 200 normal subjects were similarly stugied for
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available and supplemented by figures of the population at risk, can be used to make
rough comparnisons of death-rates, as has been done in Fig. 2. But such statistics often
denve from mixed racial groups, living in widely varying social surroundings and with great
differences in availability and use of medical facilities. The difficulties in interpreting data
of this kind are well illustrated by the national statistics of the Urnted States with regard
to differences in the leukaerma rates in white and negro populations. MacMahon and
Koller (1957) used these statistics to compare the mean annual death-rates in whites and
non-whites in twenty-two States between the years 1949 and 1953. The disease appeared
to be more common in whites 1 every State, the white to non-white ratio of mortality
varying from 248 in Georgia to 1-x2 in Pennsylvania. The median incomes of white and
non-white groups 1 each State were obtained and the ratio of incomes calculated. For
Georgia the figure was again 2-48 and for Pennsylvani 1-42. A stnking correlation
between leukaemia mortality ratio of white to negro and median income ratio of the two
groups was apparent throughout the whole series of States. The authors reasonably con-
clude that the apparent higher leukaemia death-rate 1n whites compared with negroes
may well be entirely attributable to differences mn the “social complex which is closely
measured by income, and which includes urbamzation, .  better medical care and more
complete diagnosis ™. Further, with regard to the importance of the “medical care” con-
tribution to the difference, MacMahon (1957) noted that the overall leukaemia mcidence
in individual States was more closely paralleled by the humber of physicians per 100,000
population in the respective States than by either extent of urbamization or general level
of mcome MacMahon and Koller suppl ed their analysis of national statistics by a
more detailed study of 1,636 white patients with leukaemma, diagnosed in Brooklyn in
1943-52. These patients were divided into groups according to whether they were native-
born or foreign-born, and 1,368 of them were also classified with regard to their religion,
whether they were Catholic, Protestant or Jewtsh. By the use of selected census informa-
tion for the general population the mortality rate for each of the subdivisions was calcu-
lated. A crude companson between foreign-born and native-born incidence showed a much
higher rate in the former group—124-2 per million as compared with 424 per million in
the latter group—but a considerable part of this difference is due to the greater average
age of the immigrant population Nevertheless, when the figures were standardized for
age differences a substantially higher mcidence in the foreign-born was still found—61
per million as compared with 45-3 per million. It was not possible to make accurate, age-
standardized comparisons of leukaemia mortality among immigrants according to their
specific countries of ongin, but the data available strongly suggested that the higher rate
in the group as a whole was attributable to those of Russian birth, who were ne::trly all
Jewish. This conclusion was supported also by the figures of inc.iden_ce for the dlfferel'lt
religious groups among the whole population, both native and immigrant, Leukaemia
was recorded as cause of death twice as often among Jews as among others, wrrespective
of country of origm, sex or age. No difference in incidence was observed between other
i ups
rel’}g}l‘:u]iig}r;oraie of lenkaemra certification in Jews cannot be r‘egan‘ied with certamty as
resulting from a genmne ethuic difference in mc{dence, for there is evidence (D‘e.nsen, 1956)
that Jewish people make more frequent and widespread use of medical facilities than do
non-Jewish persons in similar economic circumstan:

ces. The factor of availability and use
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position to cancer, i a predisposition to leukaemia. The general hereditary pre-
disposition was thought to be present 1n over 20 per cent of the population and to be
transmitted by one or more genes, and gene activity might be responsible for the localiza-
tion of cancer to the leucopoietic tissue, but external factors probably played an important
part in determining the onset of the discase. Leukaemia was more likely to occur at an
early age when there was a d rable familial dency and the genetic conditions
were particularly favourable, but even with less fa ble gene pl the lat-
ing effect of external influences might eventually lead to the development of leukaemia
and so explain the increasing incidence of the disease in later years

This fundamental study of Videbaek stimulated others to undertake comparable
genealogical surveys, despite the idable difficulties 1n obtaini information
about any but the closest of relatives. Morganti and Cresseri (1954) were able to obtain
adequate family details concerning the parents, grandparents, uncles and aunts, brothers
and sisters, and children of 476 patients with leukaema, These patients were selected
from a total of 572 leukaemic patients, since family histories could not be obtained for the
remamnder, but comparison of the 476 chosen cases with the total group showed no selec-
tion with regard to vanety of disease, sex or age. A control farmuly study of the relatives
of 476 healthy persons was carried out to provide data for companison  Among the 6,343
members of the 476 farmikties of leukaemic patients only 3 cases of leukaemra were found;
1n the control group of 6,321 relatives of 476 healthy persons 2 cases were found These
findings, 1n complete contradiction to those of Videbaek, show no evidence of familal
predisposttion to the disease. Morgants and Cresseri collected wnformation also on the
question of cancer icidence 1n the two groups of fammbhes, and in this respect confirmed
the observations of Videbaek by finding a substantially greater incidence among the
relatives of lenkaemuc patients than among the controls, In the former group 233 cancer
cases were found 1n 165 of the 476 fammlies, while in the latter 177 cases i 114 of the 476
fanmlies had occurred, thus not only were more families affected in the first group, but
the average number of cases in each affected family was ligher. The authors concluded
that the farmlial ch of leul ia appeared negl from a practical point of

e and that tha namacane wehlobad aga—otas £

Guasch (1954) made a further contnibution in this field by collecting mnformation from

a large number of haematologists 1 many parts of the world as to their experience of
id of leuk The resp to his enquintes proved difficult to

analyse, since many of those who sent data were unable to give the total number of cases
studied, and the extent to which family histories had been mvestigated varied very widely,
but a total of 103 examples of famuly incidence of the disease were reported, excluding
those earher referred to by Videbaek Among the relatives of 8,586 leukaemic patients
reported by the 81 haematologists who gave the exact number of their observations,
consangumnous leukaemia was found 39 times, giving an incidence of o ~45percent While
thus figure contrasts sharply with Videbaek’s 8-1 per cent, the companson is certainly
not valid, since there 15 no evidence of adequate genealogical mvestigation having been
performed by most of the authors who replied to Guasch’s questionnaire. Guasch himself,
however, sought information about the incidence of leukaema and certain other disorders
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control purposes, Among 4,041 relatives of the leukaemic patients, 19 cases of leukaemia
were reported, 17 of them verifiable, giving a family incidence of 8-1 per cent or more,
while in the control group of 3,641 relatives there was only 1 case, giving a control family
incidence of 0-5 per cent. Videbaek also found that cancer occurred more frequently in
the relatives of patients with leukaemia than 1 the control group, the percentage in-
cidences being 7-9 and 6 respectively. Calculation of cancer risk (the liability to develop
cancer at any age) in the iwo classes showed an even greater disparity, the estimated risk
being 31 per cent 1n the former and 22 per cent in the latter. From these observations,
from more detailed statistical analysis of the leukaemia figures with respect to age, sex
and type, and from the results of the survey concerning other blood diseases and disorders
of the endocrine glands, Videbaek drew the following conclusions,

1. The occurrence of several cases of leukaemia 1n the same family was much too
frequent to be due to coincidence  The observed accurrence of famihal leukaemia in over
8 per cent of all cases could not be reasonably explained except on a genetic basis. Simple
d or recessi could be excluded, but tr ion might be due to failing
domunance of a single gene or to involvement of several genes {polymeria). There was no
evidence of sex-linked inhentance and no sex-hrmitation. There was a significant tendency
for chronic lymphocytic leukaenua to become manifest earher in familial cases than in
others, and there was evidence, though less convincing, that the same might be true of
chronic myeloid leukaemia and acute leukaemia When the disease affected siblings the
onset tended to occur at about the same age, and a less marked correlation of this kind
existed between the ages of onset m more distant relatives. The incidence of the various
types of leukaemia in the famihal cases was the same as that in non-familial cases, and
different types of leukaemia were encountered within individual families, so that the
genetic factors were clearly not specific with regard to type.

2. The incidence of blood diseases other than leukaemia in the families of leukaemic
patients was not abnormally high and no genetic relation was suggested, except in the
case of pernicious anaemia, where a defimte relation was shown to exist. Among the
families of the 20y leukaemic probands pernicious anaemia was found in 17, that isin 8
per cent, while 1n the control material the disease occurred in only 6 of the 200 families,
that is 1n 3 per cent The difference is statistically significant. Pernicious anaemia was
found m familial association with leukaemias of every type and there was no preponderant
relation with any one form of the disease .

3 The survey produced no definite evidence of a famulial association between leukaemia
and either diabetes mellitus or disorders of the thyroid gland. R

4 The data obtamned as regards cancer wmcrdence 1 the famihes of leukaemic patients
compared with that 1n the control group demonstrated the existence of a relation between
leukaemia and cancer, in that relatives of leukaemic patients developed cancer more
frequently than normally. The relatively ugh incidence of cancer among these famihes
was not attributable to any particular form of localized tumour, but represented an
excessive incidence of all forms of the disease. 3

5. The results of the investigation as a whole supported the concept of leukaemia as a

malignant neoplasm, not essentially different from other cancers except in so far as. the
ic tissue and the blood occupy a uniquely widespread position in the organism.
2 were so regarded, there might be said to exist a general hereditary predis-

haemopoiet
1f leukaemi
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position to cancer, i gap ition to leuk ia. The general hereditary pre-
disposition was thought to be prescnt in over 20 per cent of the population and to be
transmitted by one or more genes, and gene activity might be responsible for the localiza-
tion of cancer to the leucopoietic tissue, but external factors probably played an important
part in determining the onset of the disease Leukaemia was more likely to occur at an
early age when there was a d rable farmlial tend and the genetic conditions
were particularly favourable, but even with less favourable gene complexes the accumulat-
ing effect of external influences might eventually lead to the development of leukaemia
and so explain the increasing incidence of the disease in later years.

This fundamental study of Vi xdebaek sumu]atcd othcxs to undertake comparable
genealogical surveys, despite the in information
about any but the closest of relatives  Morganti and Cresseri (19_-,4) were able to obtamx
adequate family details concermng the parents, grandparents, uncles and aunts, brothers
and sisters, and children of 476 patients with leukaemia, These patients were selected
from a total of 572 leukaemic patients, since family histones could not be obtained for the
remainder, but comparison of the 476 chosen cases with the total group showed no selec-
tion with regard to vanety of disease, sex or age. A control family study of the relatives
of 476 healthy persons was carried out to provide data for comparison. Among the 6,343
members of the 476 families of leukaemic patients only 3 cases of leukaemia were found;
in the control group of 6,321 relatives of 476 healthy persons 2 cases were found. These
findings, 1n complete contradiction to those of Videbaek, show no evidence of familial
predisposition to the disease. Morganti and Cresseri collected information also on the
question of cancer inadence n the two groups of families, and in this respect confirmed
the observations of Videbaek by finding a substantrally greater incidence among the
relatives of leukaemic patients than among the controls In the former group 233 cancer
cases were found in 165 of the 476 families, while 1n the latter 177 cases in 114 of the 476
farmbies had occurred, thus not only were more families affected mn the first group, but
the average number of cases 1n each affected famxly was higher. The authors ccncluded
that the familial ch of leuk PP Ligibl fmm ap 1 point of
view, and that the bhished les of gave an
erroneous impresston of its frequency. but that there was a real increase tn cancer 1ncidence
among the relatives of leukaemic patients

Guasch (1954) made a further contnibution in this field by collecting information from
a large number of haemato]oglsts m many parts of the world as to their experience of

of 1 The to his enquiries proved difficult to
analyse, since many of those who sent data were - unable to give the total number of cases
studted, and the extent to which family histories had been nvestigated varied very widely,
but a total of 103 examples of family 1ncidence of the disease were reported, excluding
those earher referred 1o by Videbaek. Among the relatives of 8, ,580 Yeukaemic patients
reported by the 81 haematologists who gave the exact number of their observations,
consangmnous leukaemia was iound 39 times, giving an incidence of 0-45 per cent. \While
this figure contrasts sharply with deebaek‘s 8.1 per cent the comparison is certainly
not vald, since there is no evid investigation having been
performed by most of the authors who rephed to Guasch’s questionnaire. Guasch hxmself
bhowever, sought information about the incidence of leukaemia and certain other disorders
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in the families of 200 leukaemic patients. Among the members of these families, totalling
2,290 individuals, he found only 1 case of leukaemia, 1 of pernicious anaemia, 6 other blood
dyscrasias, and 95 neoplastic states (4+I per cent). In a control series of 4,340 relatives
of 375 healthy persons he found 4 cases of leukaemia, 2 of pernicious anaemia, 2 other
blood diseases, and 170 neoplastic states (3+g per cent). Since the average size of the
families of his leukaemic subjects was considerably smaller than that of the control series,
a direct comparison might be misleading, but with this reservation, the results seem to
provide no evidence of a greater frequency of leukaemia, pernicious anaemia or cancer
among the relatives of leukaemic patients.

The available evidence on the hereditary backg d of leuk fa is obviously too
contradictory to allow any valid conclusion to be drawn. Future large-scale surveys may
decide whether the relatives of Jeukaemic patients have an increased liability to leukaemia,
pernicious anaemia and cancer (cf. Videbaek), to cancer only (cf. Morganti and Cressers)
or to none of these diseases (cf. Guasch). But social and environmental factors may play
an indirect part in influencing the results of such surveys, since it is not unreasonable to
suppose that members of the same farmily may tend, within imuts, to enjoy a roughly
comparable standard of life, and in particular of medical care, and if certain aspects of
medical care may contribute, as seems likely, to the development of leukaemia in an
ndividual, they may similarly influence the incidence of leukaema m his family. It is
possible that variations in the importance of external factors of this kind in different
countries may explatn some of the differences between the conflicting figures from Den-
mark, Italy and Spam.

The exammation of twins has often proved a most valuable method 1 human genetic
studies, but the number of observed and reported examples of leukaemia in one or both
of a pair of twins 1s far too small to provide matenal for useful analysis Guasch (1954)
collected reports of 14 pairs of 1dentical twins and 3 non-identical pairs. Among the
former group, in 8 cases both twins were affected at about the same time and in 6 only one
was affected during the period of observation, which was from 1 to 2 years in 4 cases and
of unspecified duration in the 2 others. Among the non-identical twins, in 2 cases both
were affected, and 1 the third only one, during the observation period of 3 years. It is
quite impossible to draw any conclusions as to genetic influence from these records, which
are merely an unrelated collection of 1solated case reports. The figures suggest that when
leukaemua attacks one of a patr of twins the other twin is very likely to develop the disease
at the same time; but a strong bias may have been given to these figures, since cases where
both twins suffer from the disease are much more hkely to excite mterest and to be put
on record than those where one twin only is affected. Moreover, the extent of exposure
to potentially leukaemogenic environmental factors, such as irradiation, is lxke!y to .be
similar for both of a parr of twins. For these reasons, case reports of the disease in twins
have httle to contribute to the problem of heredity and leukaema.

Association of leukaemia with other diseases
The chief diseases which have been linked with leukaemia in the past, bccaUSg they
have occurred together with leukaemia in the same patient or have been found in the

are pernicious anaemia and cancer.

same family, Schumann (19z5) first noted the association and

In the case of pernicious anaemia,
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recorded the occurrence of chronic myeloid leukaemia in the daughter of a patient with
pernicious anaemia and diabetes, and Kochler (1928) reported the two diseases in siblings.
Strandell and Lemming (1931) described two brothers, one with pernicious anaemia and
the other with chronic myeloid leukaemia, but rejected most of the cases previously
reported in the literature as of uncertain diagnosis. The association of chronic lymphatic
Jeukacmia and pernicious anaemia in the same patient was recorded by Rich and Schiff
{1036), and Videbaek {r947) found that 2 of a group of 310 leukaemic patients had suffered
from pernicious anaemia for several years before developing respectively chronic myeloid
and chronic lymphatic leu} ia, Ard ikov (1937) found no cases of pernicious
anaemia among the relatives of 33 patients with leukaemia, but Werner (1938) found 4
cases of leukaemia among 525 relatives of 57 patients with pernicious anaemia.

The relationship between leukaemia and cancer has also been the subject of many brief
reports and the literature contains ples of the of both diseases
in the same patient. Engelbreth-Holm (1941) deseribed 11 cases he had seen and collected
11 others from published reports, and Videbaek (1g47) added 2 further cases seen person-
ally and 17 more from the hterature. The type of leukaemia involved was most often
chronte lymphocytic, but other variettes were found not infrequently No particular kind
of malj pl PT d unduly in the association. Beresford {1952)
found zo examples of primary malignant diseasc among Io6 patients with leukaemia,
giving the very high incidence of xg per cent. Froma ive review of published
reports, Moertel and Hagedorn (1957) were able to collect 132 cases of coincident leukaemia.
and malignant disease, and to these they added a further 52 cases from among 2,134
patients with lenkaemia seen at the Mayo Clnic between 1944 and 1953. Of the total

number of 184 patients with leukaerma and cancer, 135 had chronic lymphocytic leuk-
aemia, 28 chronc locytic leuk

ic 17 acute leuk and 2 an unsp d varety
of the disease. Thus pattern of distribution 1s to be expected from the predominating age
mcidence and duration of the varieties of leuk chronic lymphocytic lenk i

occurnng in the older age-groups and p g a prolonged course. The data from this
survey confirmed the conclusions of Videbaek tbat the presence of leukaerma did not
fpvand L o ¢ - -
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general population, although statistically vabd compansons could not be made m the

absence of an adequate control group and in view of the selected nature of the case
matenal,

For the most part these published ples of ident occurrence of pernicious
anaemia or cancer with leukaemsa have been isolated case reports or uncontrolled surveys,
and do not justify any conclusions as to a genetic or constitutional association between the
diseases. The Literature has been reviewed by Videbaek and the results of his own more
extensive and informative genealogical study have been given above, together with the
results of some later and conflicting reports. The important features emerging from all this
work are that impresstons gained from considering mdividual case reports may be quite
erroneous, that small-scale surveys must be interpreted with reserve, and that large-scale
stat'istxcal and genealogical studies with adequate controls and due allowance for possible
environmental factors are needed before a real association can be accepted or rejected.
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In recent years a possible association between leukaemia and Mongolism has been
suggested by a number of case reports of the simultaneous occurrence of the two dis-
orders. Dalgaard and Kass (1955) reported a congenital leukaemia in a child with hepatic
cirrhosis and Mongoloid facies; Krivit and Good (1936) had seen the association of leuk-

golism seen in a 25-year penod. The incidence of 4 1n 255 is very much higher than the
general mcidence of leykaemia, and the authors suggested that the foetal stress causing
Mongolism might also njure the developing haemoporetic system and thus predispose to
leukaemia, or that undue exposure of Mongols to diagnostic X-rays might be lenkaemo-
genic. In the course of a recent survey of malignant disease in young children, Stewart,
‘Webb and Hewitt (1958) encountered 17 Mongolian diots among 677 cases of leukaemia,
but there did not appear to have been any clear association with a history of irradiation.
Excessive maternal age was thought to provide a possible common factor linking the two
conditions. These data provide an a prior: case for further investigation of the relation-
ship, and any future large-scale study should certainly pay particular attention to the
possible leukaemogenic role of X-rays, as well as to the question of maternal age.

Radiation and leukaemia incidence

Ewvidence that leukaemia 1n man may be induced by exposure to ionizing radiations
has become increasingly convincing during the last 15 years. Apart from analogy with the
expenmental production of leukaemia 1n irradiated amimals, the evidence has been derived
from three chief sources. First, the disease appears to be unduly common in radiologists
and others occupationally exposed to radiation Second, a marked increase mn the death-
rate from leukaerma has been observed among the survivors of the atomic bombs dropped
on Hiroshima and Nagasaki in August 1945 Third, leukaemia has been noted to develop
unexpectedly often in patients treated by radiotherapy, and perhaps diagnostic rrradration
may also predispose to the disease.

1. Leukaemia in radiological workers. Warren and Dunlap extensively reviewed
the literature up to 1942 and found 24 case reports of leukaerma developing in persons
chronically exposed to radiation. The 24 victims, 20 men and 4 women, ranged mn age
from 29 to 53 years, and had all had years of occupational exposure. Several showed
radium or X-ray burns of the hands. Four of them had been exposed to radioactive sub-
stances and the der were radiologists or their and had been working with
X-rays The type of leukaernia was described as lymphatic in 7 cases, myeloid 1n 13, and
was unspeaified 1n 4. Once the disease had developed, the subsequent course was like that
of spontaneous leukaemia. Among the mndividual reports summanzeq above, two are of
particular interest, because in each case detailed records were published of the blood
picture for a period of years before, during and after the de‘{elopmeqt of leukaemna.
Weitz (1938) described the evolution of the leukaemic process in a radiographer whose
occupational exposure began n 1928. D'unng 1931 and 1932 her blood prcture showed

slight relative lymphocytosis, eosmophi.lm and monocytosxs., but a few myelocytes had
begun to appear m the peripheral blood in 1933 and at thus time the total leucocyte count
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had risen to 18,000-20,000 cells per cu, mm. Exposure was stopped at this stage, but a
frank myeloid leukaemia was clearly established 9 months later and death occurred in
1938, 4 years after the diagnosis had been made. Maingot, Girard and Bousser (1938)
reported a similar sequence of events covering an even longer period. Their patient, a
nurse working since 1908 1n a radiology department, began to have blood examinations
in 1923. Leucocytosis, with an increase in monocytes, was observed to occur sporadically
during the next § years, but no abnormal cells were seen. From 1928 to 1932, after a short
period of inal leucopenia, a progressive increase in the white count took place, chiefly
made up of mature polymorphs and with no immature cells, but a frankly leukaemic
picture was found 1n 1933, with a leucocyte count totalling 53,200 with 13 per cent
myelocytes. The patient was still surviving in 1938.

The first statistical evidence that the occurrence of leukaemia in radiation workers con-
stituted a sigmfi occup 1 nsk was p d by Levent (1932), who found leuk-
aemia to be five times as common in physicians practising radiology as in their colleagues.
Subsequent statistics on this matter have come principally from the US A. In 1944,
Henshaw and Hawlins calculated that leuk was di d 1-7 times as often in
physicians as in the general white male population, and Ulnch (1946), from a study of
34,000 obituary notices of American physicians, concluded that the incidence of the
disease among radiologists was more than eight times as high as i other doctors. Further
statistical surveys of leukaerma mortality among physicians 1n general or in radiologists
and other spectalists have been reported by Dublin and Spregelman (1947, 1948), March
(1944, 1047, 1030), Peller and Pick (1951, 1952), and Warren (1936). Most of the data are
rot very satisfactory for accurate statistical compansons with the general population,
since elaborate corrections for differences in age distribution have to be made and the

LT ’ .

times that among non-radological physicians These figures of relative incidence do not
provide a rehable estimate of risk, and both the extent of diagnostic and therapeutic use
of radiation and the standards of protection employed by physicians have changed sub-
stantially dunng the penods of survey, but 1t would be reasonable to conelude that there
has been some mncrease n incidence of leukaemia among American physicians n the past
and that the apparently much higher rate 1 radilogists follows their occupational
exposure to X-rays.

( Figures from Britain do not show a sumilar picture A study by Court Brown and Doll
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among those entenng radiological practice at a later date These figures are appreciably
less than might have been expected from the comparable American data, and the authors
suggest that the earlier mtroduction of protective measures in Britain, the predominant
use of X-ray beams of low penetrability and the relatively small number of persons at risk

in the early years may explain the lower incidence of leukaemia among British radiologists
1n the past
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2. Leukaemia in atomic-explosion survivors. The atomic-bomb explosions over
Hirroshima fmd Nagasaki m 1945 led _to a sharply increased death-rate from leukaemia
among the 1rxm§1ated survivors, The increasing incidence was manifest within 3-5 years
after the explosions and was first reported by Folley, Borges and Yamawaki in 1952, The
resul.ts of continued obser.vatmn and study of the phenomenon, carried out under the
auspices of the U.S. Atomic Bomb Casualty Commission, have been published in a series
of papers by Moloney and his associates (Lange, Moloney and Yamawaki, x954; Moloney
and Lange, 19544, Moloney and Kastenbaum, 1955; Moloney, 1955), and a summary of
data up to August 1955, supplied by the C i appeared in a Command paper
entitled “ The hazards to man of nuclear and allied radiations” published by the Medical
Research Council in 1956. From these varous reports certain general conclusions can be
drawn,

(a) The extent of the wncrease. For the years 1947-54 the leukaemia incidence among
survivors vared according to their distance from the hypocentre at the time of exposure,
Those who survived the Hiroshima explosion from within 1,000 metres had an inaidence
about 100 tumes the calculated expectation among a comparable unexposed population,
those from 1,000 to 1,500 metres showed a 22-fold increase, those from 1,500-2,000
metres a 2-6 fold increase, and survivors who had been at greater distances than 2,000
metres from the hypocentre showed only small increases over normal. These rates provide
impressive evidence of the leukaemogenic action of a large single dose of 10nizing irradia-
tion, but it should be made clear that the total number of cases involved was not great,
despite enhanced awareness among diagnosticians of the ltkelthood of encountering the
disease. By the end of August 1955, only x25 cases in all had been discovered among
survivors from both Nagasaki and Hiroshima.

(b) Latent period before onset. Some cases of leukaemia may have occurred within a
year of the bombing (Yamawaki, 1954), but medical facilities and records were so dis-
orgamzed that collection of adequate data was impossible and the first confirmed cases
were recorded in 1947. From this time onwards the annual figures from the two cities
showed an mcidence rate which rose gradually until 1951 and has since tended to decline,
but still remained much above normal g years after the bombing. Clearly a latent period
of several years may precede onset of the disease after a single massive exposure.

() Dose and type of irradiation 1nvolved The differences in incidence among survivors
who had been exposed at different distances from the hypocentre can be very roughly
correlated with the falling dosage of wradiation received at increasing distance. Physical
estimates of dosage likely to have been received by people standing in the open suggest
that, under 1,000 metres, more than 1,400 r of gamma radiation would have been recerved,
at 1,250 metres about 350 1, at 1,750 metres about 501, and at 2,000 metres less than 25 1.
Neutron flux was estimated to extend only to 800 metres. It is not possible to use these
estimates to establish any accurate relationship between dosage and leukaemia incidence,

since an unknown number of survivors at each distance must have been prote.cted.by
various kinds of shielding. Protection would lead to a lower incidence of severe .blologlcal
effects than would be expected on the official physical estimates, but 1t seems likely that
most of the survivors who later developed Jeukaemia had been exposed to more than
200 1, judging by their initial degree ?f ra.dla.tlon sickness.. Moloney (1955) pointed out
that a further discrepancy of the opposite kind appears to exist between estimated dosages
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and observed biological effects, since severe radiation sickness and occurrence of lens
opacmcs due {u neutron actmty were encountered much further from the hypocentre
N aa
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phoms, since this isotope has been detected in the bones of persons killed by the bomb
{Shimomoto and Unno, 1953).

() Type of lenkaemia snduced. Of gz cases classified up to January 1954, 52 were acute

or subacute, 39 chronic myeloid, and only 1 chronic lymphatic (Moloney, 1955). The
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extremely low mcidence of chronic lymphatic leukaemia makes the distnbution of cases
very unlike the usual pattern seen i general populations, at least in the West, and it is
tempting to account for the relative increase in myeloid leukaemia as due to direct marrow
wradiation, perhaps by phosphoms On the other hand, there 1s some evidence that
chronic I; awvely rare m Jap and other Far Eastern
peoples (Lange tt al 1954, Wltts, 195717) and the unusual distnibution of lenkaemia types
among ! the bomb sumvors may be mﬂuenced by a factor of mherent suscephbxlxty

cities before the bombing, there were few survivors in the earliest age-groups and no cases
of leukaenua below the age of 6. Leukaemia has not developed in any of 33 children who
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2. Le in atomic-explosion survivors. The atomic-bomb explosions aver
Hiroshima fmd %Qagasakx in 1945 led ’to a s}'xarp.Iy increased death-rate from leukaemia
among the maqmed survivers, The increasing incidence was manifest within 3-3 years
after the explosions and was first reported by Folley, Barges and Yamawaki in 1952, The
results of continued observation and study of the phenomenon, carned out under the
auspices of the U.5. Atomic Bomb Casualty C ion, have been published in a series
of papers by Moloney and his associates {Lange, Moloney and Yamawaki, 1954; Moloney
and Lange, 1954a; Moloney anq Kastenbaumn, 1955; Moloney, 1955}, and a summary of
dat:a up to August 1955, supplied by the Cc app 1in a C d paper
entitled “The hazards to man of nuclear and allied radiations™ published by the Medical
‘l;esmrch Council in 1956 From these various reparts certain general conclusions can be

rawn.

{a) The extent of the wncrease. For the years 1947-54 the leukaemia incidence among
survivars varied according to therr distance from the hypocentre at the time of exposure.
Those who survived the Hiroshuma explosion from withm 1,000 metres had an mncidence
about 100 fimes the calculated expectation among a comparable unexposed population,
those from I,000 fo 1,500 metres showed a 22-fold mcrease, those from 1,500~2,000
metres 2 2-6 fold increase, and survivors who had been at greater distances than 2,000
metres from the hypocentre showed only small increases over normal. These rates provide
unpressive evidence of the leukaemogenic action of a large single dose of 10mizing 1radia-
tion, but 1t should be made clear that the total number of cases wvolved was not great,
despite enh d among diagnosticians of the likelihood of encountenng the
disease. By the end of August 1955, only 125 cases in all had been discovered among
survivors from both Nagasaki and Hiroshima,

(b} Latent penod before onset. Some cases of leukaemia may have occurred within a
year of the bombing (Yamawaky, 1934), but medical facilities and records were so dis-
organized that collectson of adequate data was impossible and the first confirmed cases
were recorded in 1947 From this time onwards the annual figures from the two cities
showed an wncidence rate which rose gradually untd 1951 and has since tended to decline,
but still remeained much above normal § years after the bombmng. Clearly a latent period
of several years may precede onset of the disease after a single massive exposure.

(¢} Dose and type of irrad lved The diff in fncid among survivors
who had been exposed at different dist from the hyg re can be very roughly
correlated with the falling dosage of wradiation received at increasing distance, Physical
estimates of dosage likely to have been received by people standing in the apen suggest
that, under ¥,000 rastres, mere than I,400 r of gamma radiation would have been received,
at 1,250 metses about 350 1, at 1,750 metres about 50 r, and at 2,000 metres Jess than 251,
Neutron flux was estimated to extend only to Soo metres It is not possible to nse these

estimates to establish any accurate relationship between dosage and leukaemia incidence,
since an unknown number of survivors at each distance must have been protqcted.by
various kinds of shielding. Protection woul»d lead toa lower incidence’a!’ severe.blo!og,'xcal
effects than would be expected on the official physical estimates, but it seems likely that
most of the survivors who later develop j,‘ v‘ mia had been exp d to more than
200 1, judging by their nital degree ?f ra_dxatzon sickness, Moloney (xgjﬁ) pointed out
that a further discrepancy of the opp kind app 1o exist between estimated dosages
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and observed biological effects, since severe radiation sickness and occurrence of lens
opacities due to neutron activity were encountered much further from the hypocentre
than would have been expected. It therefore appears possible that neutron activity as
well as gamma rays may be involved m leuk is after the explosions, The neutron
effect might be exerted through the prolonged local action of induced radioactive phos-
phorus, since this isotope has been detected in the bones of petsons killed by the bomb
(Shimomoto and Unno, 1953).

(d) Type of leukaemia snduced. Of gz cases classified up to January 1954, 52 were acute
or subacute, 39 chronic mycloid, and only 1 chronic lymphatic (Moloney, 1955). The
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extremely low mcidence of chronic lymphatic leukaemia makes the distribution of cases
very unlike the usval pattern seen in general populations, at least in the West, and 1t is
tempting to account for the relative increase in myeloid leukaemia as due to direct marrow
uTadiation, perhaps by phosphorus. On the other hand, there is some evidence that
chronic }ymphanc Ieul ia is 1vely rare in Jap and other Far Eastern
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S]:l(?\ved increased susceptibility. Since most young children were evacuated from the
cities before the bombing, there were few survivors in the earliest age-groups and no cases
of lenkaenua below the age of 6. Leukaemia has not developed in any of 33 children who
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were 2z ufero at the time of the Hiroshima explosion, although 15 of the
retarded (Miller, 1956). ? o TS fem are mentally

(f) Early haematological changes. Moloney and Lange {1954¢ and b} desenibed the
ocenrrence of leucocytosis with relative lymphopenia and granulocytosis and the presence
of some myelocytes and metamyelocytes 1n the peripheral blood many months before
chinical evidence of leukaemia appeared. Anaemia was not present in these early stages,
but there was often a striking increase in basophils and some thrombocytosis, The leuco-
cyte alkaline phosphatase levels were as low as those found in well-advanced cases of
chronic myelowd leukaemia. There was no suggestion that either the clinical or the patho-
logical development and manifestations of the disease 12 the bomb survivors differed from
those 1 non-irradiated subjects

3 Leukaemia after therapeutic and diagnestic radiation. From time to time,
especiatly in recent years, isolated case reports and small-scale surveys of patients who
developed leukaemia after exposure to radiation therapy have appeared in the literature.
The disease has been reported to follow X-ray treatinent of non-malignant skin conditions
{Gerbis, 1943, Lynch, x951), thynuc enk w nfancy (Simpson ¢f al,, 1955} and
ankylosing spendylitis {(van Swaay, 1935, Court Brown and Abbatt, 1955, Abbatt and
Lea, 1956), and several cases have occurred in patients treated for thyroid diseases with
rachoactive iodine {Delarue ez al , 1953, Sexdlin ¢ al., 1954, ¥955; Blom ez 2l , 1955; Abbatt
et al., 1956; Pochin ef al , 1956) Such reports do not, of course, establish that radiation

was the effective leuk ic agent, since comnad cannot be excluded in individual
cases, but they have directed attention to the possibility that lenkaemia may be caused
by radwtherapy

Further evidence on the relationship of radaation to the subsequent development of
leukaerma has been obtained fram an extensive survey of patients treated for ankylosing
spondylitis with radiation, sponsored by the Medical Research Council {Court-Brown and
Doll, x957). Among 13,352 patientsia the survey, lewkaernia was found to bave developed in
36. Inafurther 5 cases the cause of death had been certsfied as aplastic anaemia, but review
of pathological specimens suggested that leukaemia was a morelikely diagnosis. Only 1case
of leukaemia occurred among the 2,065 women mcluded in the study, as compared with
40 cases among 11,287 men, and even when inaidence rates for men and women were
standardized to allow for the tendency for women and older men to have fewer courses of
treatment, the rate amongst men appeared to be about three times that m women. The
numbers are too small, however, and data about precise dosages too incomplete to justify
any certamn conclusion as to a sex-ifference m susceptthiity, The overall incidence rate
1n the whole group was not high, bemg less than 3 per 1,000, but calculations from national
death-rates showed this madence to be about ten times greater than would have been
expected m a normal umrradiated population of sumilar age. Examuation of a small

group of 400 non-irradiated patients with ankylosing spondylitis showed no cases of
leukaenita, but this group 1s too small to exclude the possibality that ankylosing spondy-
Titis may stself predispose shghtly to leukaemia, and 1t has proved difficult to obtan a
series since X-ray treatment is so often vsed n this disease.
es of leukaermia recorded in the survey, 30 were acute in type, 6 chromc
ymphatic, and 4 unspecified. Seven of the acute cases were of the
This distnbution resembles closely that found among atomic-bomb

larger control
Of the 41 cast

myeloid, X chrome IS

monocytic variety.
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survivors and differs sharply from the general pattern of distribution of leukaemia accord-
ing to type in the non-irradiated population The length of time intervening between the
first course of X-ray therapy and the development of leukaemia was, on average, about
6 years, and this latent period is again roughly comparable to that observed at Hiroshima,
although the time measurements are, of course, much less precise, since courses of treat-
ment were often irregularly spaced and covered long periods.

The survey showed a defimte relationship between the dosage of radiation and the
incidence of leukaemia, although it remains uncertain whether the relation is linear or
curvilinear, Few paticnts were given mean spinal marrow doses of less than 250 r, and
the survey has thercfore no direct evidence to contnbute on possible leukaemogenic effects
of doses of this order or less, but for doses from 250 to 2,500 1 there appears to have been
a sharply rising inadence with mcreasing dose  An attempt was made to determine
whether the extent of fractionatton of the total dose received influenced the mnctdence of
leukaemia, but the evidence avatlable was too mcomplete to enable any conclusion to be
drawn

Court Brown and Doll noted that a simple proportional relationship existed between
dose and leukaema meidence over the range of dosage observed among patients receiving
only spinal 1rradiation, and they are inclined to believe that a sumilar relationship may
exist at lower dosage levels and that there may be no threshold below which irradiation
15 no longer leukaemogeme. 1f this hypothesis were true, any exposure to radiation, how-
ever small, would produce some increase 1n the risk of developing leukaemia, and these
authors estimate that the whole marrow dose necessary to double the expected leukaerma
nsk hes within the range 30-50 r for irradiation of the same energy as used mn treating
ankylosing spondylitis The authors are careful to pamnt out, however, that their hypo-
thesis 1s not the only one compatible with the data, and that a threshold dose may i fact
exist.

Dragnostic radiology involves very much smaller doscs than those previously con-
sidered, but there 1s evidence that even the small doses, of the order of 2+5 r, involved 1n
pelvimetry may not be devoid of leukaemogenic sk Stewart ef al. (1956), Stewart (1957),
and Stewart, Webb and Hewitt (1958) compared a number of background factors, includ-
ing the X-ray histones of mothers of children dying from leukaemia before the age of 10,
with those of a control series. An antenatal abdominal X-ray had been carned out in twice
as many of the former group as in the controls. The authors have been able to exclude
dufferences 1n birth-rank and social class and maternal age as associated factors, and con-

clude that total body irradiation 11 ufero by small doses of 10mzing radiation probably
makes some contribution to the increased leukaemia nisk, although other factors such as
Ingh maternal age, virus infections duning pregnancy, and threatened abortion might also
have some association.

Comparable evidence with regard to the possible association between leukaema 1n
adults and diagnostic wradiation 15 not yet available, but even 1if 1t should prove similar
to that shown in children 1t 1s unlikely to account for more than a small proportion of the
total deaths from leukaemia Witts (19575) points out the importance of maintaimng a
proper perspective m balancing the risks of X-ray diagnosis and therapy agamnst their
benefits The leukaemogenic nsk of ordmary diagnostic X-rays, 1f 1t exists at all mn adults,
must be extremely small and 1s far outweighed by the value of the investigation in the
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3

great majority of cases. Heavier irrachation from prolong ing proced over
the trank should be reduced as far as possible by improvements in apparatus and exercise
of cantion. The possible 30 deaths a year which might be attributable in England to
diagnostic irradiation ¥ «tero must be set against the reduction in infant and maternal
mortality which may be brought about by appropriate use of X-rays in pregnancy, while
the leukaemia incidence of 3 per 1,000 in immadiated patients with ankylosing spondylitis
should not obscure the great benefits to be dentved from such treatment,

In sum, the contrbution of X-radiation ta total leukaemia incidence is probably smali
though not neghgible. Since leukaemia followrng irradiation is most often acute or chronic
myeloid in type, this canse 1 unlikely to be responsible for much of the apparent world-
wide m sp us Jeu} ia, b a substantial part of this is due
to the chronic lymphatic form of the disease. The evidence at present does not justify sny
sharp curtailment of the medical use of X-rays and radicactive isotopes, but the greatest
care should be exercised m thewr use and exposutes should be kept to a reasonable
mimmum,

Chemical agents and leukaemia

The evidence suggesting 2 Jeul effect of ch 1 sub used industrially
or medicinally 15 extremely slender m most cases. Qccasional isolated case reports have
drawn attention to an apparent association between the onset of leukaemia and 2 history
of past exposure to one or other chemical, but the great majority of such associations are
probably fortuitons, In the case of benzene, however, and to a Jesser extent the suiphon-
amides and some other potentially myelotoxic drugs, the evidence in favour of ther
leukaemogenic action 15 more substantial.

Bernard and Braser (1950} were able to find case reports in the hierature of 32 leuk-
aemias atinbuted to exposure to benzene and added a further 5 cases from their own
expenence. Since benzene 1s well recognized to produce marrow aplasa, it seems likely
that the true number of Jeukaemias may be greater, some alenkaemic forms having perhaps
been classified as aplastic anaenna  The 37 cases collected by Bernard and Brafer included
29 males and 8 females, and all the patients except one were adults, mostly of middle age.
The single childhood case, desenibed by Mallory, Gali and Brickley (1939), occurred 1 the
son of a painter who had been m the custom of playing with his father’s benzene solvent.
The remander all resulted from long periods of occupationat exposure, rangmg from &
maonths to 20 years In some cases the development of lenkaemia took place following a
period of apparently bemgn neutrophalic leucocytosis, in others it was preceded by an
apparent aplastic state, and in some the blood picture had previously shown no abnor-
mality. Pre-leuk ic blood abnormalities 1 these patients may of course have been
atypical forms of onset of the leukaemia rather than essentially different disease processes.
The type of lenkaemia observed was chronic myeloid mn 3 cases, chrome Iymphocyticin 3,
and acute or subacute in 29. The general cytological and chmical picture of the disease
was the same as that of the ble type of leul ia not provoked by benzene,
although primitive cells in the acute and subacute forms tended to show zather marked
nuclear irregularities of the * paramyeloblastic” kind, and in some cases the medullary

Jeucoblastosis was less intense than is usually found, while extramedullary leucopotesis
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and leucoblastic infiltration were less prominent. The blood and marrow in many cases
were shown to contain benzene, and this finding was uniformly positive in every case
examined.

A definite cause-and-effect relationship has not been proved beyond dispute by these
observations on the association of Jeukaema and chronic benzene intoxication, but the
predominance of acute forms of the discase and the invariable long period of exposure in
the reported cases, together with the high level of benzene in the blood whenever this
nvestigation was performed, strongly suggest a pattern of response to the poison rather
than coincidence. No statistical assessment of the leukaemia risk among benzene workers
1s available, although the risk is certainly not very high or many more cases would un-
doubtedly have been reported. Rejsek and Rejskova {1955), in the course of a 25-year
study, did not encounter a single case among 4,538 persons occupationally exposed to
benzene. Animal experiments have also failed to contribute information on the patho-
genesis of benzene leukaemia, since, apart from the early work of Lignac (1933) in which
very few animals were used, attempts to reproduce the disease 1n laboratory ammals have
been unsuccessful (Bernard and Brafer, 1950, Moeschlin, 1951).

Wilkinson has drawn attention to the occurrence of acute leukaemias after sulphon-
amude therapy (Leonard and Wilkimson, rg55} and has put on recotd g such cases In 2
the acute leukaemia was preceded by sulpt id locytosis. Other to
a possible leuk action of sulpt ides, antibiotics and other drugs capable of
damaging the bone marrow have appeared from tume to time (Hueper, 1942; Marchal,
Deprez and Blanc, 1944; Dameshek, 1947, Loyd, 1952, Block, Jacobson and Bethard,
1953; Lebon and Messerschmutt, 1955), but not with sufficient frequency to establish a
firm association  Most of these drugs are so widely and ly used, and the develop
ment of leukaemia so rare among patients taking them, that any possible leukaemogenic
action must certainly be extremely weak, or perhaps operating on a background of pre-
disposition already present 1n the patient from some other cause.

Blood groups in relation to leukaemia

The genetic relationship suggested by Videbaek (1947) to exist between leukaerma,
pernicious anaerma and cancer might be expected to mvolve an association between

and other blood groups, but no unusual distribution of groups has been observed (Tinney
and Watkins, g4x; Best ¢f al., 1949, Lucia and Hunt, 1951, Kay and Shorter, 1956;
Buckwalter ¢f al., 156; Walther efal, 1956). This negative finding provides an additional
argument against the existence of 2 pernicious anaemia—leukaemia genetic relationship

The influence of infections and trauma

In a high proportion of cases of acute leukaemia the discovery of the disease is preceded
by episodes of infection, varying in site and often severe, and for this reason Cooke (1942),
Brown (1951) and others have regarded acute infections, particularly in children, as
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probable aetiological factors in leuk The evidence is far from conclusive, and it

seerns at least equally likely that the infective episodes in question are examples of secon-
dary infections, to which leukaemic patients are prone, occurrng during the early stages
of the disease. An equal scepticism appears justified concerning the predisposition to
leukaemia sometimes attributed to trauma. Many cases have certainly come to light after
a traumatic accident, usually a bone fracture or abdominal contusion (Yaguda and
Rosenthal, 1935; Olovson, 193g), but evidence of causation is lacking In most cases the
leukasmia was probably already existing before the trauma, and 1n others the connection
was remote and tenuous,

Leukaemia and atherosclerosis

A negative correlation has long been observed to exist between atherosclerosis and

certan malignant di mcluding the leuk ias  Untl recently the explanation
generally accepted was that weight-loss 1n mat t di would any
tendency to hipoid deposition 1n the arterial wall, Wilens (1947), i support of this theory,
found less severe coronary atherdma, with much less lipoid wmfiltration,  patients whe
had lost weight during thesr terminal iliness than in those who had not  On the other hand,
Elkeles (1956}, who conducted a radiological survey of the extent of aortic calcification in
400 patients with proven malignant disease, compared with 700 control cases, recorded
his inpression that the reduced frequency of calcificatson in the group with cancer was
not the result of wasting. His results showed marked differences between the extent and
frequency of calaification m malignant conditrons arising from different primary sites,
deposits being rare mn gastric, mammary or prostatic tumours, but as common as among
the control group in respiratory tract cancers. Creed and his associates (1955} found from
a necropsy study of the aortas of 1,223 male patients with hypertension, bronchogense
carcinoma, Laennec's cirrhosis, or malignant Iymphomas, that differences in the seventy
of atherosclerosts in the vanous groups were statistically significant. In bronchogensc
carcinoma, as in byperiension, there was a greater degree of atherosclerosis than in controls
and this incregse i seventy was more rather than less marked m patients who had rapidly
lost wesght during the termunal disease. In eurrhosis and in mabgnant lymphomas mclud-
ing feukaemias the seventy of atheroscl was definitely d d In all conditions,
prolonged poot nutntion and slow Joss of weight over many months was associated with
less severe atherosclerosis than was found in patients with the same disease but without
weight-loss or wath rapid terminal weaght-loss of more than 20 pounds in the last 6 months
The authoss suggest that the small extent of atheroma in leukaemia may be 2 result of
hepatic infiltration, with defective oestrogen snactivation and a consequent prolongation
of the clearing action of oestrogens on plasma hpoproteins. The eviden gests that
the negative correlation between atherosclerosss and lenkaemia is not solely attributable
to the influence of malputrition and weight-loss. Some other factor s wmvolved. T){;s
may be one Tesulting from the disease process, as Creed and his assaciates suggest, but in
view of the possible genetic relation between leukaemia and cancer, 2 furt'her genetic
association between these diseases and atherosclerosis rught perhaps exist {Lanced,
Annotation, 1957} Appropriate data have not yet ‘been accumulated 1o aliow this hypo-
thesis to be put to & statistical test.
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CHAPTER 4
AETIOLOGY OF LEUKAEMIA

Experimental Studies

o . . .
of direct experimental research on aetiology and pathogenesis 1 man, and the greater
part of the information at present available about the causes of human leukaenua has been
denived from analyses of mortality from the discase among persons whose circumstances
differ fortwtously n one respect or another, as in radiologists compared with other
phystcians, or from large-scale surveys of populations or famibes

An immense amount of expenmental work has, however, been carned out in animals,
especially m poultry and mice, and much is known of the aetiologeal importance of
genetic and constitutional factors, external agents, the endocrmne glands and the thymus,
while strong evidence now exasts mn support of a viral cause for the disease mn certain
species. Expenmental data from animal leukaemnias cannot, of course, be held to apply
directly to the disease 1n man, but some analogtes and parallels unquestionably exist,
although, according to Hauschka and Furth (1957), 1t 1s doubtful if the precise equivalents
of chronic lymphatic or granulocytic leukaema of man, or acute leukaemia of childhood,
have been reproduced n ammals However this may be, it is reasonable to expect that
continued studies of those animal diseases that are at least roughly comparable to leuk-
aemia 1n man may produce some 1ncrease 1n our knowledge of the fundamental mechan-
isms of leukaemogenesis

In addition to systematic studies confined to laboratory ammals, experimental work
has also been directed to explonng a vanety of separate hypotheses, including the possibali
ties that human leukaemic tissues might be transplantable to other spectes, that defects
of leucocyte elumnation from the circulating blood mught contmbute to the pathogenesis
of leukaemia, and that deficiency of some essential metabolite or a disturbance of chermucal
equiibrium might cause the disease.

Tr ible Avian Leuk i

Leuk occurs sp ly in many kinds of birds. In his monograph on leuk-
aemua 1n ammals, Engelbreth-Holm (1942) reviewed the earlier literature extensively and
noted reports of the disease i turkeys, geese, ducks, pigeons, swans, storks, parrots,
parrakeets, canaries and vultures. Experimental research on avian leukaemia has been
done almost entirely 1n domestic fowls, since the disease is common enough in this species
to present an economic problem mn poultry farming.
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Although diseases resembling leuk ia and Iymphosarcoma had long been known to
affect chickens, the first important discovery about fowl leukaemia was not made until
1908, when Ellerman and Bang succeeded in transmitting the disease from affected to
healthy birds by the intravenous or intraperitoneal injection of leukaemic blood or tissue
fragments. Transmission could also be achieved with cell-free filtrates, Subsequent work
has confirmed the viral aetiology of many, if not all, varieties of fow! leukosis, but the
experimental studies reported 1n the hiterature are often confusing and difficult to interpret
and summarize, since the pathological states under study have frequently been pootly
defined and clear discrimmation between cell transplantation and virus transmission has
not always been made The tangled literature has been reviewed by Beard, Sharp and
Eckert (1955). Two chief forms of autonomous proliferative disease appear to anse from
the blood-forming cells of the fowl. The first, lymphomatosis, of common natural occur-
rence and rapidly spread by contact, consists of a group of closely related disorders involv-
ing the lymphocytic series of cells, n which widespread diffuse or nodular infiltrations of
the liver, spleen, bone marrow, kidneys and other organs takes place. The disease is
aleukaemic in the majority of cases, but a penpheral lymphocytosis is sometimes found
{Burmester, x952). Lymphocytic and plasma cell tumours may occur in assoctation with
nerve trunks or 1n the iris, producing paralytic neuro-lymphomatosis {range paralysis) or
grey eye and blindness, these infiltrations are often accompanied by visceral involvement
and are probably variants of the general lymphomatous disease caused by different but
related viruses This belef 1s supported by virus transmission experiments, for, while
visceral lymphomatosts has been serially passaged many times in cell-free filtrates, para-
Iytic neuro-lymphomatosis has not occurred with sigmfi frequency, as a complication
of the transmitted disease (Burmester, 1947, Davis and Doyle, 1947; Burmester and
Gentry, 1954)

An associated neoplastic disease, osteopetrosis gallinarum, anising from cells of periosteal
origm and not a tumour of the haemopoetic system, frequently occurs in the course of
transmission expeniments with some stramns of avian visceral lymphomatosis, particularly
strain RPL12. Although osteopetrosis anses commonly 1n birds mnoculated with lympho-
matous tumour extracts or filtrates, it does not appear to be transmissible by contact,
and the causative agent probably differs from that of the associated lymphomatosis
(Burmester and Gentry, 1954).

The second form of avian leukaemia, erythromyeloblastosis, is more acuteand intensely
malignant in course than lymphomatosis, and differs also in bemg frankly leukaex_nic or
erythraemic, with as many as two or three million primitive cells per cu. mm. in the
peripheral blood. This acute disease has long been recognized to be separable into erythro-
blastosis and myeloblastosis, but bined forms, with apparent involvement of both cell
series, have been encountered so often that a clear differentration between the two variants
has seldom been emphasized. The haematological and pathological findings were we'll
described and illustrated by Furth (1931) and may be roughly compared w.xt}B .those in
human acute leukaema and acute erythraemic x.nye‘loszs. ’l:h‘e‘number of 'primxtwe cells
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spontaneously or as a result of experimental transmission, or, occasionally, following cell
passage from cases of naturally oceurring lymphomatosis (Burmester, 1952; Eckert, Beard
and Beard, 1953}, but the separate aetiological identity of these diseases and of lympho-
matosis has become more firmly established in recent years, Cell-free transmission of
Iymphomatosis, using the RPL 12 strain derived by Olson (1941) from a spontaneous case
of the disease and shown to be due to a filtrable agent by Burmester and his associates
{1946, 1947), has been continued over very large numbers of passages by several workers
without the emergence of any typical erythrobl ic or myelobl: 1c forms. Never-
theless, the pathological nature of the t; issible tumour strains of Iymphomatosis is
not entirely certain. Darcel and Negroni (1954) argued that the transmissible RPL stramns
were more closely related to erythroblastosis than the term *“Iymphoid” would suggest,
since the tumour cells more closely resembled pro-erythroblasts than abnormal lympho-
cytes. They suggested that classical visceral lymphomatosis does not contam a virai
tumour-inducing agent, thus explaining the frequent failure to achieve transmission of

3 lymph i hasized by Engelbreth-Holm (1g942). The apparently
transmissible strains, in their view, might be examples of aleukaemuc erythroblastosis with
local erythroblastomatous tumour formation. Whatever the outcome of this cytologreal

dispute, the aleuk i in question differ both pathol lly and
aetiologically from erytt and myelobl The induction of RPL 12 Iympho-
matosis by cell-free filtrates is characterized by a long latent penod, usually over 100
days 1 1-3-day-old chicks i lated intraperi Iy (B and Cottral, 1947),

whereas both ery is and my can be transmitted with very much
shorter latent periods. The two latter diseases have been sharply separated in the recent
studtes of Beard and his co-workers Cytologically, they are, of course, clearly distingush-
able when occurring 1 unmixed form with respectively erythroblastic or myelablastic
peripheral blood pictures. Eckert, Beard and Beard (1956) summanzing the points of

Aiffaranca hotwane ha dora dien.

blastosis. Whereas in myeloblastosis successful transfer could only be achieved in chicks
inoculated during the first few days of life, age at time of inoculation exerted very little
1nfluence on host susceptibility to erythrobl virus, Morphologis , however, the
viruses of these two diseases appear identical in electron micrographs (Sharp, Beard and
Beard, 1955). They are spheroidal, of average diameter 120 my 1n the dried state, and
seem to be unusually fragile and very readily damaged and # d mn puri 100
P d Adenosinetriphosph actwvity in the plasma of birds with myeloblastosis,
closely associated with the presence of virus and showing a correlation between enzyme
actwvity and particle content, has been observed by Mommaerts et al. (1954). Sumilar
enzyme activity has not been found in erythroblastosts plasma, but this difference may
be due to the relatively low virus tion in erythrobl is (Eckert, Beard and
Beard, 1956)

Immunological studtes with myeloblastosis virus concentrates by Eckert and associates
{1955} have shown that the pasticles are able to induce the formation of antibodies in the
tabbit treacting with the virus, with normal chick tissues, and with the Forssman antigen.
The chick tissue antigens and Forssman antigen could not be separated from the virus
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particles by sedi] ion or electrophoresis, and specific neutrahization experiments
strongly suggested that these antigens were integral constituent parts of the virus {Beard,
Sharp and Eckert, 1955). Although viral immune bodies do not commonly arise during
the course of myeloblastosis, typical antibodies in high titre result from the experimental
introduction of high immunizing doses in the chick.

The fowl myeloblastesis virus is one of peculiar interest m view of its demonstrable
possession of enzyme activity and the incorporation n its structure of components anti-
genucally indistinguishable from constituents of host tissues. Beard, Sharp and Eckert
(1955) argued that these data provide a “substantial expennmental basis for the concept
that the myeloblastosis virus onginated nitially from the host cell, maintaining through
the years a part of its host identityand developing, with time, the properties of autonomous
existence”. The findings with this agent therefore lend support to the hypothesis that
tumour viruses may be modified host proteins in essence, perhaps m some cases arising
de novo as a result of appropnate physical or chemical stimulation of the cell, capable of
self-production and able to produce neoplastic change in the cells of the host without the
introduction of any infective agent from external sources. Perhaps relevant to this ques-
tion is the fact that chicken erythroblastosis and myeloblastosis, though caused by highly
infectious viruses and rapidly and easily transmtted by cell-free filtrates, show no evidence
of natural spread by either direct or indirect contagion, In this respect they contrast
sharply with visceral lymphomatosis which is transmitted to susceptible chicks directly
by contact with naturally or artificially infected fowls or indirectly by contact with in-
fected environment (Burmester and Gentry, 1954). There 15 also some evidence that a
form of “vertical” transmission from parent to offspring may occur in avian visceral
lymphomatosis, and embryonated eggs and chick tissue even from apparently healthy
parents may contain the disease agent (Cottral, Burmester and Waters, 1950). This
observation provides an interesting parallel with the findings in certain transmissible
mouse leukaemias to be discussed later.

Leukaemia in the Mouse

A very wide range of prohiferative disorders arising from haemopoietic tissues has been
encountered in the mouse, including “leukaemias” of lymphocytes, granulocytes, mono-
cytes, mast cells and plasma cells Very few of these di however, appear tox bl

in man (Furth, Fems and Reznikoff, 1935, Kaplan, 1954). Dun‘ham and Stewart (1953,
in a valuable survey of transplantable and transmissibl aplmaI. tumours, listed 37
examples of “lymphomas and Jeukaemias*’ known to be established in mice at 't‘hat fime.
The majority of these were lymphocytic, 29 being ix.lcluded u?’der the hea}dgng lympho-
sarcoma or lymphocytic leukaemia, or both, in most instances.” The remaining 8 tumours
were composed of 4 myeloid leukaemias, 2 reticulum-cell sarcomas, a 'retnculum-cell
leukaemia and a plasma cell leukaemia. .\’Vhile this list 1s n?t 't.:o_mprehensxve and could
now be greatly expanded, the general picture of *leukaemia” in th|e mouse as a pre-

dommantly lymphocytic disease, and of lymphocytic leuk ia and lymph as
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peeuliarly closely related and often almost indistinguishable, cenaiply remains true as far
as transplantable tumours in the mouse are concerned. A considerable proportion of
experimental work in this field in the past has involved lymphosarcoma rather than
leukaemia, with invasion of blood and bone marrew usually a minor feature (Kirschbaum
and Strong, 1939; Kaplan, 1947}, and even when blood and bone-matrow involvcmcr'xt
has been conspicuous, massive local tumour formation at the site of inacalation, or in
Iymph nodes, with areas of necrosis and marked histological invasiveness recall the
morphology of lymphosarcoma in man rather than that of either acute or chromic lym-
phatic leukaemia. Nevertheless, leukacmia ” js now generally accepted as an appropriate
name for these transplantable mouse tumours, although worhers have usually been careful
to emphasize the differences between the expenmental mouse leukaemias and the disease
in man, and to point out that **leukaemic grafts and the animals bearing them are not
exact analogues of either the growths or the hosts n spontaneous disease” (Hauschka and
Furth, 1957).

Among the contnbutions to our knowledge of the aetiology of leukacmia derived from
studies of the disease in mice are observations on genetic influences and constitutional
factors such as age, sex and state of nutnition, the importance of external leukaemogenic
agents and internal hormonal mechamsms, and the role of the thymus. Informative
reviens of various aspects of this subject include those of Furth (1951), Kirschbaum
(1951), Kaplan (1954), Law (1954a and &), and Hauschka and Furth {1957} A further
and most interesting development has been the discovery reported by Gross in a series of
publications since 1951 that certamn vaneties of mouse leukaemia are transmissible by a
filtrable agent, presumably a virus, and that virus transmussion may occur vertically in a
famly of mice from one generation to another directly through the embryos {Gross 19544,
1957)

Genetic and sp mouse leuk ]

Susceptibihty to leukaerma 1n the mouse 15 unguestronably strongly dependent upon
genetic constitution. Long-continued pedigree inbreeding has produced strains of mice
of umformly high or low leuk inaid corresponding to the umiformity of their
nbred genetic make-up In the much studied high-leukaemc strain AKR, for example,
the disease develops mnvanably at about six months to a year, and all AKR muce that
escape an earlier death from pneumonta and survive to this age die from leukaerma,
Similarly, the C58 stramn has a leukaemia incidence of go per cent, while even the 10 per
cent faihing to develop the disease yield, when mated, offspnng with the same high leuk-
aemua rate as offspring from leukaemic C58 parents Crossbreeding expenments, using
high-lenkaemic C58 males and low-leukaermic females of the STOLI stram, and back-
crossing the first hybnd generation males with STOLI females, produced families of the
second generation having wide differences in leukaema incidence, ranging from o to 43
per cent (MacDowell and Richter, 1935) Such vanations are most suggestive of the
reassortment of more than one gene influencing susceptibility to leukaemia, since, 1f only
a single gene were 1nvolved, the second hybnd generation might be expected to show a
bimodal pattern of incidence, according to whether the gene had or had not been trans-
mitted, rather than the continuous vanation mn fact found (Law, 19545) Moreover, the
pattern of leukaemta incidence 1n the families exhibited the diversity to be expected as a
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result of gene redistribution, rather than the umform moderate mcidence which would
probably result from breeding with a low-leukaemic strain if the high C58 incidence were
originally due to a non-genetic transmissible pathogen, such as a cytoplasmic virus (Law,
1957). This is not, of course, to say that genetic factors are alone responsible for the
development of leukaemia in high-incidence strains of mice, but merely that genetic
constitution influences susceptibility to the disease, Leukaemia is Likely, in fact, to result
from the combined action of genetic and non-genetic factors. This combination effect is
illustrated by the observations of Kirschbaum and Mixer (1947) that strains of mice with
low incidence of spontaneous leukaemia might show characteristic patterns of suscepti-
bility to external lenkaemogenic agents, the degree of susceptibility or refractormess to
various specific leukaemogens being apparently associated with genetic constitution.

Genetic infl and leuk tr ic

The fate of transplanted leukaemic tissue, like that of other normal or neoplastic grafts,
15 greatly influenced by the antigenicity of the transplanted cell surfaces in relation to the
antibody-producing activaty of the host. Gorer (1942) first investigated this aspect of
leukaemia transplantation in the mouse. Several of the most important cellular antigens
appear to be determmed by a single gene complex, histocompatibility-2 (H-z), and sero-
logical analysis has demonstrated at least eight distinct antigens under the control of this
complex Allen (1955) located H-2 on the ninth chromosome, and produced evidence that
crossing over might occur wathin this locus  Although H-2 appears to be the most import-
ant histocompatibility locus, several others undoubtedly exist, and together they mfluence
the survival of transplanted cells through immunological mechanisms. Probably meta-
bolic and hormonal activittes under genetic control, which may differ in donor and host,
are also of importance in the success or failure of the graft The mcreasing complexities
of this field of study, the work on active transplantation :tmmunity and 1ts passive transfer,
and ewvidence for the possible existence of new antigens in leukaemic mouse leucocytes,
are extenstvely reviewed by Hauschka and Furth (1957)-

Influence of age and sex

Age appears to influence susceptibility to leukaemogenic agents, perhaps as a result of
intrinsic changes 1n haemopoietic tissues or as a consequence of altered hormonal activity.
Kaplan (1948) showed that C57BL mice developed lymphoid tumours and leukaemia after
whole-body X-radiation much more frequently when less than 6 months old than when
over this age. Similarly, DBA/2 mice became leukaemic in response to methylchola.nf.hrene
only when treated early 1n life, although older mice mght have their susceptibulity 1n-
creased by removal of the gonads (Kirschbaum, 1957).

The increased incidence of human leukaemia in males as compared with females has
already been noted. In mice the reverse is true, especially in certam high-leuk
strains (Richter and McDowell, 1935), and in AKR mice spontaneous leukaemogenesis
may be mhubited by androgens (Murphy, 1944).

Nutritional state ' _—
incidence and rate of growth of tumours in general is decreased by simple calorie
reifxiztion (Tannenbaum, 1947) and leukzemogenesis can be similarly mhibited (Saxton,
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Boon and Furth, 1944). The mechanism of this action is poarly understood, although
dietary i of sulph ini i ids may be important (White and Mider,
1941), and susceptibility to leukaemia may also be modified by changes in fat intake
(Lawrason and Kirschbaum, 1944). The nutritional state must clearly be carefully con-
trolled during experimental studies on leukaemogenesis and its inhibition by various
agents, since a misleading impression of specific inhibition might be derived from the use
of a drug or hormone which impaired nutrition.

Tonizing radiations in experl! 1 leu It 1

Exposure to X-rays ot other 1onizing radiations has long been known to be leukaemogenic
1n mice and other laboratory animals, When leukaemia is nduced by radiation in man
the disease is usually of the myeloid variety, but in mice lymphoid tumours or lymph
leukaemias are nearly always produced, and only a few strains develop myeloid leukaemia
with any frequency. The subject has been reviewed by Furth and Upton (1953) and by
Furthan** ARG S A i AR B ;
action of * . . "
exposed

v i v

in muce, although there are marked genetic differences 1n susceptibility in different strains,
Other common laboratory ammals, rats, guinea-pigs and rabbats, appear to be relatively
resistant, to judge from the restncted studies carned out with these species. Repeated
exposures are more effectively leukaemogenic than a single larger dose, and the induction
Ttate increases with mcrease 1n total dose, but although lymphop may be d d
by doses as low as 25 1, leukaemia 15 rarely nduced by doses much less than 200 £ 1n sum.
Whether the relation between dosage and leukaemia incidence 1s curvilinear or straight-
hine at low levels has not apparently yet been established with certainty, although the
studies of Kaplan and Brown (1952a) and of Finkel {1958) suggest the existence of a
mimmal effective dose,

The mncid of radration-induced leu} like that of the spontaneous disease, may

be d by several ies to be di d more fully later. Among these thymec-
tomy and cortisone istration mhibit leuk 8 while adrenal
susceptibility (Kaplan, 1950; Kaplan, Marder and Brown, 1951)

The mechamsm of lenkaemta induction by radiation remains uncertain, and much of
the work related to this problem has been done on *lenkaemias” origmating as thymic

Y

m b4 per cent In each case repeated exposures of comparable amount were given fora
peniod of 12 weeks  The implications of this observation have been further clarified by the
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ﬁpding that direct irradiation of the thymus, with the remainder of the body shielded,
did not provoke leukaemias of thymic origin, while a protective effect against the leuk-
aemogenic action of whole-body irradiation could be achieved by shielding one hind leg
(Kaplan, 1949, xg51; Kaplan and Brown, 1951). Simmlar inhibition could be brought about
by spleen shielding (Lorenz, Congdon and Uphoff, 1953) or, even more remotely, by inject-
ing homologous bone-marrow suspenstons intravenously into unshielded totally irradiated
mice (Kaplan, Brown and Paull, 1953). A close relation must exist between these in-
hibitory effects of organ shielding or tissue injections on leukaemogenesis and the widely
studied protective action of organ shielding and mjection of spleen or marrow homogenates
against acute radiation mjury and death in mice The inttmacy of this relation is em-
phasized by Cole, Nowell and Ellis (1956}, who found that X-irradiated mice, protected
from acute radiation death by intrapentoneal i lation with h tes of isolog
mouse splenic tissue, showed a marked decrease in lymphoma incidence as compared with
non-irradiated control mice, whereas, in the experiments of Furth and s associates (1954),
unprotected survivors of the same strain of mice (LAF1), after exposure to radiation from
a nuclear detonation, showed an increase in both thymic and generalized lymphomas.
It seems reasonable to conclude that the spleen homogenate provided protection against
both the short-term danger of acute radration death and the long-term risk of developing
leukaemta or lymphoma Most of the studies on the nature of this protective agency
have been concerned with the acute risk, but the resuits of this work are clearly relevant
to the problems of radiation leukaemogenesis, and 1t is pertment to summarize them
here

The weight of evidence at present suggests that protection from radiation death can
be achieved by shielding haemopoetic tissue durmg the peniod of exposure, or later
injecting haemopoietic cells, so that multiplication of the shielded or mjected cells can
bring about replacement of the blood-forming tissues destroyed by radiation This con-
clusion is supported by the results of several different expertmental approaches.

(@) Lead shelding of the spleen and other organs Jacobson and his associates first
demonstrated m 1949 that lead shielding of the surgically extenorized spleen of adult
mice dunng exposure to total-body X-irradiation greatly increased the survival rate
Subsequent work by this group showed that when mice were exposed to 1,025 r total-body
radiation in a single dose, survival of unshielded animals was less than 2 per cent, whereas
shielding of the spleen enhanced survival to 76 per cent, and approximately 30 per cent
survival followed lead shielding of portions of exteriorized liver or mtestine, or the entire
head or one hind leg. Survival was not improved by shielding an exteniorized kidney.
More detailed examination of these data with regard to rapidity of haematological re-
covery of survivors, and comparative weights of tissues with different histological com-
ponents which required shielding to produce an equivalent protective effect, suggested
that the important factor was the content of reticulo-endothelial cells and potentially

A ST Mess el meen wenwe~ed BJacobson, 1054).
Soon after the efficacy of spleen
o of survival was brought about
by transplanting homologous spleens or embryomic fissue and by intraperitoneal or
r’rﬁr;?el:o}:xs inje%:tion of jpleen or embryo cell suspensions during the immedrate post-
jrradiation period, preferably within the first few hours, although some effect could be
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obtained wath treatment given as late as 2 ot 3 days after exposure (Jacobson, 1952).
That injection of bone-marrow suspensions could give equal protection was shown by
Lorenz and hus coll using first homol marrow in mice and guinea-pigs (Lorenz

Py PSS SRS I SN U SO cpnN
4 e —mamt oo a1

biosis provides a marked degree of protection against injury when one partner is mdialed
(Bames and Furth, 1943). The effect also becomes manifest if irradiated animals are
jomed to non-irradiated litter mates within a few hours after exposure, Brecher and
Cronkite {1951) obtained 50 per cent survival i rats so treated after exposure to a dose
of whole-body X-irradiation which proved uniformly fatal to controls X
In general reviews of the field, Jacobson (1954, 1956) d d the h of the
protective action, and concluded that recovery was more probably due to a humoral agent
contnibuted by the shielded or injected tissues than to cellular colomzation. In favour of
this view was the efficacy of heterologous material which had not been shown to be com-
patible, and the studies of Cole and his assocrates {1952, 1933, 1955), who found that
homogenized splenic tissue, 1n which the cells were largely distupted, was still protective,
The active material was shown to reside in the heaviest centrifugal residue and to be
d yed by deoxyrit 3! and trypsin, and was therefore thought to consist of
deoxyribonucleoprotemn, but the presence of intact cells in the homogenates and in the
active centnfugates could not be excluded. Nevertheless, at this stage the humoral
hypothesis appeared the more hkely
Within a short penod, however, clear evidence to the contrary was published from
several laboratones  Lindsley, Odell and Tausche {1955) nrradiated rats having type D
blood and njected bone-marrow from rats of the same strain but with type C blood.
Donor red cells were 1dent:fied serologically in the circulation of the host, greatly pre-
dominated after several weeks, and persisted for some months The authors did not use
fully lethal doses of radiation and could not correlate donor—ell prohferation stnctly with
survival of the host rats, but therr studies favoured graft establishment rather than a
humoral factor as of chief importance. Further support for this hypothesis was soon
provided. Ford and his colleagues (1956) exposed CBA mice to 950 r of X-rays and then
mnjected them intr ly with cell from the spleens of nfant mice having
a abnormal The marker ch showed up p 1y
m b rrow Feulgen-squash prep Irradiation survivors were sacnficed at
intervals up to 49 days, and in every case the marker was easily 1dentified 1n the great
majonty of bone-marrow cells showing well-spread chromosomes. No cells could be found
having a full complement of chromasomes, but without the marker. In the same paper
the authars reported a second series of expeniments 1 which 1rradiated mice were injected
with a suspension of bone-marrow cells from Wistar rats Surviving mice were found, at
5, 11 and 1g days after injection, to have readily 1dentifiable rat chromosomes n bone-
marrow preparattons, whereas no certamn mouse cells in division were seen Two different
methods, one using homologous and the other heterologous material, had therefore
established colomzation by the donor cells as the mechanism of protection and Tecovery.
Another elegant d ation of this b was provided by Nowell and his
associates (1956), using the histochemical contrast between mouse leucocytes, which give
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a negative reaction for alkaline phosphatase, and rat leucocytes, which are rich 1n this
enzyme, Irradiated mice were injected with rat bone marrow an hour after expostire,
During the stage of active haemopoietic recovery, beginning about 4 days later, aver 8o
per cent of the marrow leucocytes were phosphatase-positive, and therefore presumably
rat cells. This picture of phosphatase-positive cells predominating in the marrow was still
found in surviving animals up to 30 days. By this time, however, deaths were occurring
frequently among the muce, presumably from a delayed immunological reaction to the
incompatible heterologous rat cells as the immune system of the hosts recovered from
irradiation. Data on marrow content after 4 weeks was therefore very limited, but some
mice showed evidence of a transition from phosphatase-positive to phosphatase-negative
leucocytes m the blood and bone marrow, so that reversion to haemopoiesis by native
mouse cells may have been taking place. On the other hand, in a few late survivors,
phosphatase-positive cells were still present 1n blood smears up to 16 months after irradia~
tion. Similar results were reported by van Bekkum and his co-workers, who used, in
addition to enzyme histochemistry, a serological method of identifying red cells with
specific antisera. In irradiated mice treated with rat marrow the peripheral blood showed,
by the eighth day, a falling proportion of erythrocytes reacting with anti-mouse cell serum,
and a nising proportion agglutinated by anti-rat cell serum, In some mice the host cells
had been entirely replaced by rat erythrocytes after 60 days, and this complete replace-
ment was still encountered as long as 2oo days later, but in others a temporary transition
was followed by total disappearance of heterologous cells and recovery of normal mouse
erythropolesss  Yet another group showed partial replacement, with mixed erythrocyte
content, maintamed in some cases for 300 days (Vos et al., 1956, Bekkum, Vos and
Weyzen, 1956).

The inference to be drawn from these paraliel studies 1s clearly that recovery from acute
radiation damage after treatment with homologous or heterologous cell suspensions is
dependent upon acceptance and regeneration of the transplanted tissue, and that con-
tinued survival is often assoctated with complete or partial replacement of haemopoietic
tissue by cells from the graft. Loss of grafted cells and recovery of the survivor’s own
haemopoietic activity may sometimes occur after a vanable period, but has certamnly not
yet been shown to be the rule (Bekkum and Cohen, 1957).

In all this experimental work, 1t is to be noted that organs whose shielding has proved
protective and tissues which enhance survival are mvariably nich in haemopoietic elements
and primitive multipotential cells. Injections of thymus cell suspensions have failed to
afford protection from acute radiation death, nor do they promote regeneration of the
thymus and lymph nodes after radiation mjury, as bune-ma!'row and spleen cells do
(Brown et al., 1955; Cole and Ellis, 1955). Cole, Nowell and Ellis (1956) therefor.e ?xrg\fed
that induced thymic regeneration m 1rradiated mice protected by bone-marrow injection
is the Tesult of an indirect mechanism, secondary to the establishment of the marrow
graft. A similar indirect mechanism might also inhxblt.the later ;)'rod}lction of.leukaemlas
and thymic lymphomas Certamly the efficacy of payual body shielding and tissue trans-
plantation in preventing radiation leuka'emogenesxs is flxﬂicult to explan on the z:]isxs of
simple repopulation of damaged areas, since the majority og tumours amse in the Iyrx’xus
rather than in the spleen or bone marrow, and there 13 no evidence of thymic repopulation

by cells from the graft.
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of 1 carch and hormones on leukaemogenesis
1t has long been established that carcinogenic hydrocarbons will induce leukaemia in
mice, one Df the most potcnt being 9,10-dimethyl-1,2-benzanthracene (Law, 1941). This
b k upon p apphcntxon or subcutaneous jection,
although thcre is evidence, at least in Strect mice, that the site of m]ectmn may be

important in infl ing both the develop and the tions of I
{Rask-Niclsen, 19495), perhaps because of varying rates of absorption from different sites.
Other hydrocarbons such as 3,4-benzpyrene, 1,2,5,6-dib hracene and 20-methyl-

cholanthrene are less effective, producing thymic lymphomas when directly injected mto
the thymus, but not when applied more remotely in Street mice (Rask-Nielsen, 19494,
1950). Genetic and strain differences in susceptibility to carcinogens are conspicuous,
however, and leukaemia induction by skin-painting with benzpyrene has been demon-
strated in dilute brown mice (Morton and Mider, 1941}, with dibenzanthracene and with
methylcholanthrene in stramn ¥ mice (Kirschbaum and Strong, 1942), 1n C3H mice (Morton
and Mider, 1941} and in several other strams. Kirschbaum (xg57), in illustration of the
remarkable genetic differences 1n susceptibiity, mstanced the failure of C58 mce, with a
high incidence of spontaneous leukaemia, to respond to the lenkaemogenic action of
methylcholanthrene, whereas the low-leukaema stram DBA/z is very susceptible, The
strain differences are not necessarily related to geneml levels of tissue resistance but to
varying sensitivity of target organs. Thus Strong A mice treated with methylcho]anthrene
produce lung and y js but not leuk while DBA/2 mice stmilarly
treated readily produce Jeukaemta and mammary tumours but not lung cancer. Leuk-
aemia and lymphoma induction by chemical carcinogens, as by radiation, may be pro-
foundly influenced by hormonal factors and thymic activity.

Lacassagne (1937) first drew attention to the leukaemogenic potency of oestrogens in
muce, and Gardner, Dougherty and Williams (1944) were able to increase the incidence
of the disease in low-leukaemia stratns from 2 per cent to 25 per cent by oestrogen adminis-
tration, The mode of action of cestrogens 1s uncertan, but it is clear that, once agam,
susceptibihity is greatly dependent upon genetic constitution A greater incdence of
leukaemia and lymphoma follows short repeated treatment with oestrogen than prolonged
courses, although there may be a considerable latent period, up to 12 months, before the
disease becomes mamfest (Furth, 1946; Burrows and Homing, 1947) The type of leuk-
aemia produced 1s usually thymic in ongin, and the genesis of simular leukaemias induced
by X-rays or chemical carcinogens may be potentiated by exogenous oestrogens (Kirsch-
baum, Shapiro and Mixer, 1949, 1953).

Androgenic hormone contrasts sharply with the oestrogens, for
admxmstranon w111 suppress the gene51s of thymxc lymphoma and leukaemia, whether
= e- 1944), by X-rays (Gardner,

{Kirschbaum and Liebelt,
5 disease in high-leukaemia

stamy (Muipny, 1944)
With regard to the effects of endogenous sex hormones on leukaemia incidence 1 mice,
there is evidence that they exert some mﬂuence erther supportive or mhibitory, in both

and induced leuk e experntmental studies have been exten-
swely reviewed by Dougherty (1952) and by Kaplan, Nagareda and Brown (x954).
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Miller and Pybus {1942} found a marked increase in the incidence of lympheid tumours
after gonadectomy in both male and female mice of the Edinburgh strain, and Buffet and
Furth found ovariectomy to enhance leukaemia mcidence in LAFx mice (Hauschka and
Furth, 1957), but the more general experience has been that removal of the ovanes is
either mhibitory or without effect. Orchidectomy, on the other hand, hasled to a greater
incidence and shorter latent penod before onset of the discase in all strains of mice studied
{McEndy, Boon and Furth, 1044, Murphy, 1944, Law, 1047; Arentsen and Hogrefle,
1951). The high d of leuk fa m castrated raale mice can be reduced by treat-
ment with testosterone propionate

Inhibition of leukarmogenesis can also be brought about by adrenocorticotrophic hor-
mane and the cortisone group of steroids (Kaplan, Marder and Brown, 1951; Woolley and
Peters, 1953), but desoxycorticosterons acetate does not affect the meidence  The removal
of endogenous cortisone activity by adrenalectomy is followed by an mncrease in lymphoma
noutence {Law, X947)

Other hormones have not been shown to affect leukaemogenesis i mrce, although
hypophysectomy may mhibit the snduction of certamn other tumours (Ferguson and
Visscher, 1953) and continued admunisirataon of mtuitary growth hormone has been
reported to induce Iymphosarcoma m rats (Moon and Li, 1930). Hypophysectomized
irradiated C57BL mace, i the expenence of Nagareda and Kaplan (1954), developed
lymphoid tumours without mubition

Kaplan (x934) has emphasized the effects of these endocrine agents on the mouse
thymus, pointing out that all the hormones ainhibiting lymphoma development also pro-
duce mvolution of the thymus, while procedures such as orchidectomy and adrenalectomy
which enhance tumour inctdence also cause thyme hypertropby The action of vestrogens
13 alone contrary to this general rule, for here wncreased tumour induction and thymic
involution go together

The role of the thymus in mouse lenkaemia

The frequent onigin of mouse lymp 1as and lymphatac lenk in the thymus
has been continually emphasized during the previous discussion, although it is true that
not all strains of mice and not afl varjeties of mouse levkaerma show this feature Never-
theless, the thymus has oceupred 2 more promunent place than any other organ i experi-
mental studies of Jevkaemogenesss,

McEndy, Boon and Furth (1944} first demonstrated that thymectomy was follov.:ed b}:
a remarkable fall m the mcrdence of lenkaemia of thymic ongin m the high-leukaemia AKX
strain of mice, and Law and Miler (1950a) later showed that the operation was also
effective in reducing the incidence of spontaneous lewkaemias origina?ing elsewhere.
Thymectomy similarly inhibited the induction of leukaemia by Xerays in C57BL mice
{Kaplan, 1950) and by methylcholanthrene i DBA/2 mice {Law and Z\mler., 19505).
Studies of legk develop t in th ized animals subsequently pr'ovxded with
implanted thymic tissue have given most interesting resu!ts sz\v and Miller {1550%)
thymectomized Fx hybrids from a high- and low-leukaemia strain cross. ‘When these
hybrids were grafted with thymus from the high-Jeukaemia parent stock they developed

A ontaneous leukaemia, but when grafted with thymus from the low-

igh incidence of s h ;
?ei;g:r‘nnia parent sto§k they showed a Jow incidence. Transplantation experiments proved




TRANSDUCTION 57
that the proliferating leukaemic cells did not originate from the graft, but from the host,

X-rays and then nmplanted thymic grafts. Leukaemic transformation occurred in the
cells of the non-irradiated graft. Similar studies by Law and Potter (1958) enabled them
to confirm that such a tmnsformanon could take place, and they demonstrated that the
post-irrad isted for at least 28 days.

These experiments suggest that the thymus may act either by providing a genetically
determined leukaemogenic shmulus to other lymphocytxc tissues or by responding to an
indirect induction stimulus origi T in resp to radration or chemical
carcinogens. I\aplnn (1954) has put forward a umfymly hypothesls which attempts to

1 and 1 i

explain the t of I however initiated,

Y
as dependent upon the mtensnty ofa postulated proliferattve stimulus on the thymus and
the capacity of this organ to respond. \When the lymphatic system and thymus are injured

Hiald

or b rrow t 1 ion 15 to allow thymic regeneration to proceed more
rapidly to meet the stimulus, or perhaps to reduce the mtensity of the stimulus, and so
prevent the development of lymphoid tumours. Hormones which inbit leukaemogenesis
do so, in this theory, by reducing the general demand for thymic activity, a reduction
which leads to thymic involution in normal animals, and to a depression of the thymic
proliferative stimulus 1n those exposed earlier to leukaemogens. The essentral leukaemo-
gemc factor would therefore be an endogenous growth stimulus acting upon a poorly
responstve thymus. Although the presence of thymic tissue appears to be essential for
the development of lymphoma in many strawms of mice, the complexity of the intermediate
mechamsms 1 tumour mduction is so great that hypotheses like that of Kaplan have to
postulate the existence of multiple factors to explain the expenmental observations, and
no explanation carrying full conviction 1s yet available

T of leuk ia by cell f;

The concept of transduction, the transfer of subcellular particles from one cell to another
with a consequent character change 1n the p cell, is well bhshed in bacteral

1953; Lederberg, 1936). The phenomenon has not been shown to occur in mammalan
cells, although some such mecharusm might explain the alteration 1 histocompatabulity
patterns of t ble mouse pt after passage through Fr hybrids between
susceptible and resistant strains (Hauschka and Furth, x957). If transfer of subcellular
transforming agents does take place in mammalian tissues, the question anses whether
the maltgnant charactenstics of tumour cells might not be transmtted to normal cells by
this means. Some relevant early studies m this field were carried out by Stasney Cantarow
and Paschkxs (1950, 1952), who attempted to transmit h and ly
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in the rat by isolated subcellular fractions of the neoplastic cells, and succeeded ininducing
lymphosarcoma formation, usually at the site of injection, after subcutaneous introduction
of chromatin matenal and, less frequently, mitochondria from malignant lymphocytes.
The authors could not absolutely exclude the presence of some intact tumour cells in the
material injected, although none were seen in sample preparations. The existence of even
very small numbers of viable cells in the preparations would certainly cast doubt on the
conclusions, since tumour transfer, with a considerable proportion of takes, can be
achieved with single cells, at least i the mouse. The Murphy rat lymphosarcoma, with
which Stasney and his associates worked, 15, however, apparently less easily transferred,
an inoculum of some 3,000 neoplastic lymphocytes being needed to produce effects com-
parable to those of the chromatin fractions (Paschkis, Cantarow and Stasney, 1955). The
authors claimed that such a number of cells could not possibly be present in their material
without detection, and the easy recognition of many intact tumour cells when 3,000
neoplastic Iymphocytes were expenimentally added to a sample chromatin suspenston
strongly supported their claim This work can hardly be said to provide unequivocal
proof of transduction as a mechanism of leukaemogenesss, but it does brng the weight of
considerable expermmental evidence mn favour of the concept that chromatin fragments
from malignant cells may be taken up by normal leucocytes and incorporated in their
nuclei, presumably during the processes of mitosis and DNA synthesis, so conferring
neoplastic characteristics upon imtially normal cells

If the transduction mechanism is the true explanation of Stasney’s results, the induced
lymphosarcoma cells might be expected to have, in general, the genetic constitution of the
host rather than that of the original tumour from which the chromatin fraction had been
derived Klein (1952) made chromatin extracts from DBA/2 lymphoma and 6C3HED
lymphosarcoma, and mnjected one or other of these extracts intraperitoneally into Fx
hybrds between DBA and C3H mice The tumours produced could be successfully trans-
planted to the susceptible parent stram, whereas grafts of F1 hybrid tissue normally take
only in hosts carrying the 1so-antigens of both parent strams. This evidence suggests that
the induced tumours had the constitution of the original tumour cells and not that of the
F1 host, and arose from prohiferating implanted viable cells rather than by transduction.
However, as Hauschka and Furth have pointed out, there are exceptions to the general
rule about compatibility of FI grafts, lenkaermas ansing spontaneously m Fx hybrids
being occastonally transplantable to one parental stram (Schweitzer and Furth, 1939).
Moreover, introduction of malignant chromatin material into Fx leucocytes might be
expected to produce a chromosomal imbalance which could lead to an alteration of the
histocompatibility antigens The resulting cell might then transcend the normal mmuno-
genetic rules of transplantation. The question of chromatin transmission of lenkaemia by
transduction therefore still remains open.

Transmission of leukaemia in mice by viruses

In 1951 Gross first reported the successtul mduction of leukaemia ir} muce of the low-
leukaemia C3H strain after inoculation 1n infancy with cell-free material from AK leuk-
aemic tissue or normal AK embryo extracts Subsequent studies by Gross (19522 and &,
19534, b, ¢ and d, 19544 and b, 19554, b, ¢ and d, 19564 and b, 1957) have greatly extended
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his original observations, The most important findings from this long series of experiments
may be summarized as follows.

Extracts prepared from AK or Cs8 leukaemic mice, passed through Bcrkef.zld Nor
Selas 0z or 03 filters and inoculated into newborn mice of certain susceptible low-
Jeukaemic stramns, induced leukaemia in about 25 per cent of the test animals after a
latent penod of several months. Heating to 68°C. for 30 minutes inactivated the filtrates
and reduced the incidence of leukaemia in inoculated mice to about 2 per cent, a figure
fittle above the normal spontaneous rate in the strains concerned.

Leukaenna induced in C3H mice by filtered AK extr,:\ct‘s‘cou‘ld be ‘!mnsp].a.ns

In sharp contrast to this process, leukaemias of AK ongin transplanted to C3H mice
by cellular impl jon led to lized leuk within 2 to 4 weeks, this Jeukaemic
tissue could not be grafted to adult C3H mmce but only to mice of the donor AK strain,
and was therefore probably denved wholly from the transplanted AK cells

The cell-free leuk agent was fully p ged through six ive
hosts, and during this procedure some enh t of potency app d to occur, 1n that
the peniod of latency decreased after the third passage

Vertical transmission of the infective agent from one generation to the next through
the embryos was demenstrated in several ways. Extracts prepared from normal embryos
of high leukaemia strains, such as AK and Cs8, were found to contain the agent Cell-free
filtered preparations from these embryome tissues conld mduce leukaerma when mjected
into susceptible newborn mice When C3H mice, inoculated in infancy but not yet frankly
leukaemic, were mated, therr offspnng showed a relatively high incidence of the disease
1n adult life

Filtration of the leukaemic tissue extracts through Gradocol membranes, ultracentri-
fugal sedimentation studies, and electron microscopy 1ndicated that the cell-free extracts
contaumed particles having a diameter between 30 and 70 mp.

Certan complications have tended to obscure the clear-cut picture of viral transmission
of lenkaemia. In the first place cell-free transmssion was successful in the laboratory enly
when newborn muce, preferably less than 6 hours old, were used for inoculation. When
animals over 12 to 16 hours old were used, results were irregular and unconvincing
Moreover, attempts by other workers to confirm the eatlier observations of Gross met with

only partial success, and 1t soon became obvious that genetic constitution was of major
importance, differences between sublines of the same strain bemng enough to alter suscept-
1bility very greatly. Another difficulty mn interpreting the results of inoculation of cell-free
leukaemic matenal has ansen from the ability of such moculations sometimes to provoke
the development of parotid tumours or sub ous These two probl of
genetic susceptibility and alternative tumour formation show some interrelationship.
Law, Dunn and Boyle (1955) inoculated newborn C3H mice of two different sublines with
filtered extracts of leukaemnic tissue from AK or C58 mice. Very few leukaemas appeared,
but parotid tumours or subcutaneous sarcomas developed. Woolley and Small (x956).
using Bittner subline C3H mice, obtained posttive results of leukaema induction m mice
without the milk factor, but failed to produce leukaemia in mice possessing the mlk factor.
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Stewart (1953, 19554 and b) attempted to repeat the experiments of Gross, but was unable
to produce an increased mcidence of leukaemia in newborn C3HF mice by injecting cell-
free AKR leukaemia material. When the filtrates were injected into Fr hybrids (C3HF x
AKRY), however, an increase of leukaemma incidence from 23 to 60 per cent took place,
accompanied by a shortening of the latent period before development of the disease.
These hybnd leukaemias could not be transplanted to either of the parental stocks, but
only in other hybrids of C3HF and AKR, indicating that the leukaemias arose from hybrid
cells, In Stewart’s experiments cell-free filtrates from AKR leukaemia tissue induced
salivary gland carcmomas, while similar material from a C3H subline leukaemia produced
parotid tumours in some ammals and subcutaneous or suprarenal tumours in others.
Gross (1957), further emphasizing these genetic differences, pointed out that while some
sublhines of C3H appeared to respond to the filtered extracts by producing any of the three
neoplasms, leukaemia, parotid tumours, or sarcomas, C57 Brown mice readily developed
leukaema, but very rarely any other tumour.
The three kinds of neoplasm mduced by cell-free extracts of leukaemic tissue in C3H
mice are morphologically quite distinct Gross has described them n detail. The leuk-
aemias, in his experience, were typrcal generalized lymphatic forms of the disease, usually
with blood and bone-marrow involvement. The parotid tumours were usually bilateral,
initially adeno-carcinomatous n type, but later tending to a sarcomatous histological
appearance. The subcutaneous sarcomas were hard, white, invasive tumours, microscopi-
cally fibrosarcomas, fibromyxosarcomas or giant-cell tumours. Although the induced
leukaemias were easily transplantable to adult C3H muce, the other two tumours could
be transferred only occasionally and with difficulty. Extracts from the induced leukaemic
tissues, rendered cell-free by centrifugation or filtration, and inoculated into newborm C3H
mice, led to the development of leukaemia in some, parot:d tumours in others and sub-
cutaneous sarcomas 1n others. Simlar experiments with cell-free extracts of the parotid
tumours and the sarcomas showed that materal from these sources could also induce any
of the three neoplasms 1n noculated C3H rmce  Whether the responsible factor is a single
agent or a mixture of three separate oncogenic agents has not yet been determmed, but
there is some evidence (Gross, 1956b) that treatment with ethyl ether may destroy the
leukaemogenic potency of extracts while leaving the capacity to induce parotid tumours
or sarcomas unimpaired, and this observation might suggest that three agents exist, the
leukaemic one being more sensitive than the others If this were the case, extracts of
parottd tumours mduced by ethyl ether treated material should in turn be incapable of
inducing leukaema when moculated into newborn C3H muce.

A further complexity in this field arises from the work of Graffi and bis: colleagues
(Graffi et al., 1954, Graffi and Schmidt, 1954, Schmidt, 1955; Fey, Graffiand Bxelk.a, 1955;
Bielka, Graffi and Fey, 1955, Graffi ef al., 1956). They moculated newborn mice \v.xt.h
filtered extracts from various sohid tumours, including sarcoma 37, sarcoma 594, an ascitic
sarcoma, and Ehrlich carcinoma. Lymphocytic leukaemia developed mn nearly 50 per cent

of the mijected mice, the Ehrlich tumour giving the highest percentage. ALI)art f}l;om
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were mice of the Agnes Bluhm line, which is probably not gous, and the Jeuk
obtamed were unusual in that they could not be transplanted. Again, the comparisons
between test and control mice were made only at g months, and differences might have
been less conspicuous if 2 wider age range had been considered, but these objections are
probably not of great importance.

In all this work on leukaenua transmission by filterable agents the type of leukaemia
involved has been Iymphocytic. Friend (1957) isolated a similar agent from a Swiss mouse;
it induced granulocytic leukaemia when transmitted to adult mice of the same strain.
Woolley (1957) confirmed these findings, and by inoculating newborn mice was able to
transmt the disease to the C3H strain, where the resulting leukaemia continued to be
granulocytic in cytology, with positive peroxidase reaction in the cell granules.

Clearly, much experimental work remains to be done with these virus-like agents, in
particular to clarify their relationships with genetic factors, physical and chermcal lenk-
aemopenesis, hormonal and thymic intermediary mechanisms, protective grafting of
¥ fetic tissue, and t: duction,

Transmission Experiments with Human Lenkaemic Material

Deliberate attempts to transmit leukaemia from man to man have been few and invan-
ably unsuccessful Thiersch (1945) injected bleod or cellular emulsions from the spleen
or lymph nodes of leukaemic patients into volunteer reciptents, already suffenng from

Ml disease, The or int routes were used for these inocula-
tions, Dunng an observation period of 24 months the recipients showed no sign of develop-
ng leukaemia In further experiments, Thiersch (1946) used sternal bone marrow from
untreated cases of acute leukaerma for the transmssion attempts, the material bemng
aspirated from the donor and immediately injected into the sternal marrow of the recipient
without the use of anticoagulants, No evidence could be detected chmeally or haemato-
logically that the implantations had any effect whatever on the recipients, some of whom
were still abve at the end of a pertod of observation between 21 and 35 months, while those
who died dunog this time did so from the spread of their onginal malignant tumour.

Swmilarly negative results were obtained by Bierman and his assoctates (1950), who set
up crosst i between leul and leu} patients, mn
the course of which 6 to 10 htres of blood were exchanged hourly At the end of these

B Ao tos et %o o ht z =

subjects, do not necessarily establish that leukaemra in man differs essentially from the
transmissible leukaemias of animals, since histocompatibility of grafts calls for close
genetic and 1mmunological relatronships between donor and recipient, such as could
be encountered 1n man only between rdentical twins. Transplantation of leakaemic cells
in man could not therefore be expected under the experimental conditions employed
The questton still remains whether a subcellular agent or virus mught be expected to prove
leukaemogenic, 1f 1t existed i human Jeukaemic tissues. Here agam, the experiments
throw no light on this possibility, for the viral t ission of rodent leuk is
charactenized by a latent peniod far longer in relation to the life-span than the peniods of
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observation in the studies of Thiersch and Bierman, is successful predominantly in new-
born animals, whereas the human recipients were elderly, and is governed to a marked
extent by genetic relations.

Material from human leukaemia has often been introduced into laboratory animals
attempts to show the infective nature of the disease. In general these experiments have
been unpreductive, but pathological changes i the moculated animals have been reported
from a few centres. These changes have not usually been of a leukaemic nature, are
peculiarly difficult to interpret, and have not readily been reproduced by other workers.
Torriol and his co-workers, 1 a series of reports since 1941, have described the develop-
ment of a hymal reticuloendotheliosis”* in chick embryos inoculated with human
leukaemic leucocytes from each cytological form of the disease (Torrioli and Tortioli, 1951},
The average morbidity among injected embryos was 63 per cent, and most of these
embryos died before hatching, Malformations, including failure of visceral and cephalic
development, were common, and chicks surviving long enough to hatch showed anaemia,
bone-marrow aplasia, hepatic atrophy and degeneration and diffuse reticulo-endothelial
hyperplasia. Successful passage from egg to egg could be achieved by the use of heart
blood from inoculated embryos, Pulped tissne from affected chicks readily transmitted
the disease, with progressive mortality up to 77 per cent, on stccessive passages. When
tissue pulp was spread on the allantoic membrane cellular reduplication with thickening
and stratification of the ectoderm took place and inclusion bodies were seen in the ecto-
dermal cells. The authors inferred from these results that human leukaemia is due to a
transmissible virus

Magrassi and his associates have reported smce 1946 a further series of experiments which
they mterpret as evidencing the viral actiology of human leukaemia (Magrassi ef al., 1951;
Magrassi, 1955). Material from human cases of each cytological variety was injected into
guinea-pigs; plasma, either enriched with leucocytes or with most of the cells removed,
was given Intrapentoneally, serum intracerebrally, and bone marrow into the marrow
cavity. After a vanable incubation period, sometumes only a few days, a charactenstic
pathological reaction occurred in nearly all animals inoculated dunng the winter months.
During the sunmer the guinea-pigs appeared to be resistant and did not show symptoms
of disease if moculated between May and September, The reaction, when it took place,
included severe anaemia, loss of hair, skin atrophy, degeneration of glandular parenchyma
and proliferation of histiocytes n spleen and lymph nodes. The disease was serally trans-
missible by splenic and hepatic cell suspensions durmg the wmter months, and passage in
this way was easily repeated.

In an extensive series of reports, chiefly 1n the Spanish and French iterature since 1951,
Mas y Magro described the transmission of human leukaemia to gumea-pigs by subcutane-
ous injection, or inoculation of the scarified sk, with fresh or dried blood from cases of
the disease. Actte leukaemia, chrontc myeloid and chronic lymphatic leukaemia each
induced a comparable form of the disease 1n inoculated guinea-pigs (Mas y }‘Iagru', 1952,
19542 and b). The work has not been independently cqnﬁmed, and conflicts with the
yesults of guinea-pig expenments carried out by ~Magmssx.

Cell-free materials obtained by filtration or high-speed centrifugation do not seem to
have been used in any of these man-to-animal transmission atte.mpts, and the support

end to the viral hypothesis is mdurect. Care has been taken in at least some of these

they I
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observation in the studies of Thiersch and Bierman, is successiul predominantly in new-
born animals, whereas the human recipients were elderly, and is governed to a marked
extent by genetic relations.

Material from human leukaemia has often been introduced into laboratory animals m
attempts to show the infective nature of the disease. In general these expenments have
been unproductive, but pathological changes mn the inoculated animals have been reported
from a few centres. These changes have not usually been of a leukaemic nature, are
peculiarly difficult to interpret, and have not readily been reproduced by other workers.
Torrioli and his co-workers, 1n a series of reports since 1941, have described the develop-
ment of a * mesenchymal reticuloendothehosis” in chick embryos inoculated with human
lenkaemic leucocytes from each cytological form of the disease (Tornoli and Torrioli, 1951).
The average morbidity among injected embryos was 63 per cent, and most of these
embryos died before hatching. Malformations, including failure of visceral and cephalic
development, were common, and chicks surviving long enough to hatch showed anaemia,
bone-marrow aplasia, hepatic atrophy and degeneration and diffuse reticulo-endothelial
hyperplasia. Successful passage from egg to egg could be achieved by the use of heart
bload from inoculated embryos. Pulped tissue from affected chicks readily transmitted
the disease, with progressive mortality up to 7 per cent, on successive passages. When
tissue pulp was spread on the allantoic membrane cellular reduplication with thickening
and stratification of the ectoderm took place and inclusion bodies were seen in the ecto-
dermal cells. The authors inferred from these results that human leukaemia is due to a
transmissible virus

Magrassi and his associates have reported since 1946 a further series of experiments which
they interpret as evidencing the viral actiology of human leukaemia (Magrassi ¢f al., 1951;
Magrassi, 1955). Material from human cases of each cytological variety was injected into
guinea-pigs; plasma, esther enniched with leucocytes or with most of the cells removed,
was given intrapentoneally, serum intracerebrally, and bone marrow nto the marrow
cavity. After a variable mcubation period, sometimes only a few days, a characteristic
pathological reaction occurred in nearly all animals inoculated during the winter months.
During the the guinea-pigs appeared to be resistant and did not show symptoms
of disease if inoculated between May and September. The reaction, when st took place,
included severe anaema, loss of hair, skin atrophy, degs tion of glandular p hyma
and proliferation of lustiocytes in spleen and lymph nodes. The disease was serially trans-
missible by splenic and hepatic cell suspensions during the winter months, and passage in
this way was easily repeated.

In an extensive series of reports, chiefly in the Spamsh and French hiterature since X951,
Mas y Magro described the t ission of human feuk to guinea-pigs by subcut:
ous injection, or moculation of the scanified skin, with fresh or dned blood from cases of
the discase. Acute leukacmia, chronic myeloid and chronic lymphatic leukaemia cach
induced a comparable form of the discase in mnoculated guinea-pigs (Mas y Magro, 1952,
1954 and b). The work has not been ndependently cqnﬁrmcd, and conflicts with the
results of guinea-pig expenments carried out by Magrassi. i
Cell-free materials obtained by filtration or hxgh—speved‘ccntnfuganon do not scem to
have been used in any of these man-to-animal transmission attempts, and the support
d to the viral hypothesis is indircct. Care has been taken in at Jeast some of these

they len
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to exclude i diate toxic reactions to the injection of foreign tissues or

pr;teins, and moculation of control animals with non-leukaemic human cells or plasm?.
gave negative results. Nevertheless, no valid asscssment of the results can be made until
they have been shown to be reproducible in other hands.

Work in this field has also been carricd out in Russia m recent years, but although a
few reports have been made avalable in English translation it 1s not casy to gather precise
information on the experimental methods or the results and their interpretation. Bergol'ts
(1957) injected Seutz filtered cell-free saline extracts of lymph nodes from human leukaemic
patients mto the spleen of adult mice, and reported the development of leukaemia-like
changes after 1 to 2 months. Whether the hacmatological changes observed were leuk-
aemic rather than leukaemoid was difficult to cstabhsh, but in one case the induced
disease was successfully transplanted to other mice. Mitochondrial cell fractions and
nuclear extracts were also found to be actively leukaemogenic. Experimental trans-
mission of leukaemia from man to animals has also been descnibed by Khokhlova (1958),
who used benzol extracts from organs of leukaemic patients.

n ion of leul ia di T t in AKR muce after inoculation with cell-free
brain filtrates from human patients who had died of leukaemia has been reported by
Schwartz ¢f al. {1957). In these experi 71 of 326 lated animals developed

leukaema before the age of 2z weeks, but the spontaneous incidence of the disease in
AKR mice is so high that no conclusion can be drawn until the studies have been repeated
1n muce of a low-leukaemia stramn, In this regard 1t is of interest to note that cell-free
filtrates of leukaemic AKR mouse bramn simlarly accelerated the induction of leukaemia
in muce of the same strain, and also induced the disease in Swiss mice 1n approximately
50 per cent of inoculated animals, although the sp i 1 in
Swiss mice of the stramn used 1s not more than 1 per cent (Schwartz, Schoolman and
Szento, 1956; Schoolman e al., 1957)

1 .

Leucocyte Elimination Studies

The early studies of Minot and Isaacs (1925) showed that transfused leucocytes rapidly
disappeared from the penipheral circulation in man, and Isaacs and Danielian (1927)
suggested that changes in leucocyte levels might be caused by disturbances of the elunina-
tion mechanism. This conception came again into promnence as a result of the cross-
airculation studies of Bierman and his associates (Bierman ef af, 1950, 1951), who postu-
lated that some leukaemic individuals with high leucocyte counts had antmpaired removal
mechamsm, and that the leucocythaemia might be due as much to Jack of normal removal
of cells as to excesstve production and release. The pulmonary capillary bed was shown
to be the chief site of leucocyte removal 1n these expeniments, and was apparently able to
ehminate from the blood billions of whte cells in a single circulation (Lanman, Bierman
and Byron, 1950) Leukaemic leucocytes of any kind were rapidly removed from the
circulation of normal recipi; whereas leul locytes were only slowly elimin-
ated from the blood of a patient with subleu} ic lymphocytic leul ja. The capacity
of pulmonary capillary endothelium to remove leucocytes has been confirmed m the dog by
Ambrus and his associates, who demonstrated that other capillary beds may also filter off
leucocytes, and that continued perfusion would eventually satiate the filtration mechanism
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observat.ion in the studies of Thiersch.ax.id Bierman, is successful predominantly in new-
born animals, whereas the human recipients were elderly, and is governed to a marked
extent by genetic relations.

Material from human leukaemia has often been introduced into laboratory animals in
attempts to sho'w the infective nature of the disease. In general these experiments have
been unproductive, but pathological changes in the inoculated animals have been Teported
from a few centres. These changes have not usually been of a leukaemic nature, are
peculiarly difficult to interpret, and have not readily been reproduced by other workers.
Torriol and his co-workers, in a series of reports since 1943, have described the develop-
ment of a * mesenchymal reticuloendotheliosis” in chick embryos moculated with human
leukaemuc leucocytes from each cytological form of the disease (Torrioli and Torrioli, 1951).
The average morbidity among njected embryos was 63 per cent, and most of these
embryos died before hatching. Malformations, including failure of visceral and cephalic
development, N
botte-marrow . N
hyperplasia. Successtul passage from egg to egg could be achieved by the use of heart
blood from inoculated embryos. Pulped tissue from affected chicks readily transmitted
the disease, with progressive mortality up to 77 per cent, on successive passages, When
tissue pulp was spread on the allantoic membrane cellular reduplication with thickening
and stratification of the ectoderm took place and mnclusion bodies were seen in the ecto-
dermal celis, The authors inferred from these results that human lenkaema is due to a
transmssible virus

Magrassi and his associates have reported since 1946 a furtherseries of experimentswhich
they mterpret as evidencing the viral aetiology of human leukaemia (Magrass: et al , 1931;
Magrassi, 1955). Material from human cases of each cytological variety was mjected into
guinea-pigs, plasma, either enniched with leucocytes or with most of the cells removed,
was given intrapentoneally, serum intracerebrally, and bone marrow mto the marrow
cavity. After a variable incubation period, sometimes only a few days, a charactenstic
pathologrcal reaction occurred in nearly all animals inoculated during the winter months.
During the summer the guinea-pigs appeared to be resistant and did not show symptoms
of disease 1if inoculated between May and September. The reaction, when 1t took place,
included severe anaemia, loss of hair, skin atrophy, degeneration of glandular parenchyma
and proliferation of histiocytes in spleen and lymph nodes. The disease was serially trans-
missible by splenic and hepatic cell suspensions during the winter months, and passage in
this way was easily repeated. .

In an extenstve series of reports, chiefly in the Spanish and French literature since 1951,
Mas y Magro described the tr ion of human leul ia to guinea-pigs by subcutane-
ous injection, or inoculation of the scarified skin, with fresh or dried b}ood from cases of
the disease. Acute leukaemia, chronic myelord and chrome lymphatic leukaemia cach
induced a comparable form of the disease in inoculated guinea-pigs (Mas y .;\lagro_, 1952,
19544 and b). The work has not been (;ndeple)nd:;my cqnﬂrmed, and conflicts with the

f guinea-pig expeniments carried out by Magrassi. i
rescuellt:f‘;efur;?ner?algs Dblzained by filtration or high-speed centnfugation do not scem to
have been used in any of these man-to-animal transmussion attempts, and the SUP}I:O“
they lend to the viral hypothesis is indirect. Care has been taken in at least some of these




MYELOID-LYMPHOID IMBALANCE 65

panied by a normal amount of lymphokentric acid which allowed partial maturation to
occur, Inacute myelmd leukacmua there was a lack of lymphokentnc acid, and the early
myeloid cells produced under the il of lokentric acid, present mn normal or
increased amounts could not mature. Similar pxctutcs were drawn for chronic and acute
ly-mphauc lcukncmm mlh lymphol-cntnc acid playing a lymphopolesls-stlmul:x!mg role
and myelokentric acid a 1 unng role. The unnnry findings in monocytic
leukaemia showed an cxcess of both acids and their function in the discase was open to
uestion.

1 Attempts to treat leukaemic patients with the appropnate missing acid—for ex:\mple
acute lymphoblastic cases with kentne acd d some partial remissions
(Mller, “Harbut and Jones, 1947) but the evidence at prcsent available in support of the
general hypothesis is unconvincing.

The effects of hepatic and splenic extracts from human lymphomata on the lymphod

LG UL Sttt Caeve,

Metealfe (19564 :md b) reporled U)e detection of a ]ymphocyms.ls—shmu]ahng factor
the plasma of patients with chronic lymphocytic 1 bral inoculation of
plasma into 1-day-old mice produccd a lymphocytasxs when chromc lymphatic leukaemia
plasma was used, but no such effect followed the injection of plasma from other forms of
leukaemia. The factor was heat-labile but withstood freeze-drying. Its action could be
mhibited by cortisone or oestrogens. Extracts from human and mouse thymus and
thyroid glands contamed the factor, which was present in increased amounts in subjects
with chronic Jymphocytic leukaemma. The chemical nature of the factor and its possible
relationship to the substances described by Mxller remains uncertain.

None of these chemical can be reg d as actively leul jc or of primary

aeho}ogtcal 1mport:mce, but their further study may provide nformation on the poorly

of physiol 1 control of hacmoposesis and maturation and
release of blood cells,
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and allow peripheral leucocytosis to develop (Ambrus ef af, 19544, b and ¢). That cells
removed from the blood by capulary networks are not destroyed during the process, but
join the non-circulating leucocyte pool, has been made clear by several experiments.
Brecher, Wilbur and Cronkite (1953) showed that such sequestrated leucocytes were still
available to migrate to sites of infection, while Ambrus ¢f al. (1955) reported that adrenal-
e injections caused atabrine-labelled leucocytes, which had earlier been removed from
the blood by capillary filtration, to reappear in the circulation. Osgood (x954) estimated
that crrculating leucocytes make up less than 1 per cent of the total number of viable
leucocytes mn the body, the remainder being held in a large reserve “pool”. The location
of this pool remains uncertarn, although many leucocytes may be held i the bone marrow
(Craddock, Perry and Lawrence, 1956), and perhaps also in sluggish vascular channels
(Hollingsworth and Finch, 19573). Hollingsworth and Finch (19574) have suggested that
the extent of saturation of the reserve leucocyte pool may be the factor of chief importance
1n determining the length of survival within the circulation of transfused Jeucocytes, and
therr experiments with leukopenic and leucocyte-saturated rats support this hypothesis.
Transfused leucocytes, whether leukaemic or not, were rapidly removed by animals with
depleted white cell reserves, whereas they remained much longer in the circulation of
anmmals whose leucocyte pool had been saturated. In either case the cells remained viable
after eventual clearance from the circulating blood, and a high percentage of normal rats
transfused with leukaemic leucocytes subsequently developed leul

The delayed clearance of transfused leucocytes by leukaemic patients, observed by
Bierman, may therefore have resulted from saturation of the leucocyte pool, and should
be regarded as a consequence of the leukaemic proliferation rather than as i any way a
cause of the basic disease process. Nevertheless, secondary alterations in the elumination
and sequestration mechanism may certainly influence the level of the peripheral white cell
count and be of pathogenic rather than aetiological interest

Chemical Factors and Myeloid-Lymphoid Imbalance

Changes 1n the haemopoietic and Iymphoid systems of guinea-pigs injected with extracts
of the urine of leukaemc patients led Miller and his associates to suggest that two sqb—
stances, myelokentric and lymphokentnc acids, were of fundamental importan'ce in main-
taining a normal balance of leucocyte prohferation and maturation, and mxghg; play a
large part in the pathogenesis of leukaemias (Miller, Wearn and Heinle, 1939; Miller and
Hause, 1940; Jones, Muller and Hause, 1940; Miller and Turner, 1943). .

Myelokentnie actd was described as a non-carbmol acid found m the urine of patients
with acute or chronic myeloid leul chrome lymphoid let 1 'and monocytic
leukacmia, Lymphokentric acid 1s an hydroxyacid occurnng in the urine n acute or
chronic lymphoid leul ia, lymphosarcoma, chromic myeloid leuk a and monocytic
leukaemia. Both acids have also been found in liver lipids and m the urine in Hodgkin's

disease, and are believed to exist 1n conjugated form in the serum of leukaemic patients
(Foster and Miller, 1950). Myelokentric actd was said to cause my:elopmesxs \mhm{t
maturation, while lymphokentne acid inhibits proliferation of myeloid cells ;md.:mm};
them to divide. Miller and his co-workers claimcd. that an excess 9f .myclcke.nmc acis

eassted in chronic myeloid leukaemia, thus causing increased myelopiesis, but was accom-
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panied by 3 normal amount of lymphokentric acid which allowed partial maturation to
occur. In acute myeloid leukacmia there was a lack of lymphokentric acid, and the carly
myeloid cells produced under the influence of myelokentnic aeid, present mn normal or
mcxeascd amounts. could not mature. Simuar pictures were drasvn {or chronic and acute

ia, with lymphokentric acid playing a lymphopmesxs-swnulatmg role
and m}clokcnmc acd a lymphocytc matunng role. The urinary findings in monocytic
lenkacrma showed an excess of both acids and their function in the disease was open to
qusstmn.

ts 1o treat Jeuk pati with the appropoate missing acid~—{or cxample,
acute 1ymphobhmc cases with myelokentric atwd—produced some pamnl remissions
{(Maller, Harbut and Jones, 247), but the evidence at present avaidable in support of the
general hypothests Is unconvincing.

The effects of hepatic and splenic extracts from human lymphomata on the Iymphoid
system of guinea-pigs have becn studied by Storer and Lushbaugh (1949), who found that
Iymphoid profiferation and infiltrations developed: but mincral ous and other substances
produced sumiar effects, and the action of tissue extracts was thought to be non-specific.

Metcalle {19564 and b) reposted the detection of a Iymphocytosis-stimulating factor i
the plasma of patients with chronic Jymphocytic leukaemia, Intracerebral inoculation of
plasma into X-day-old mice produced a Jymphocytosis w hen chrenic lymphatic leukacrmia
plasma was used, but no such effect followed the injection of plasma from other forms of
Ieukaemxm ‘The factor was heat-labile but withstood Irceze-drymng Its action could be

habi or Extracts from human and mouse thymus and
thyrowd glands contaisned the factar, which was present 1n wcreased amounts 1n subjects
with chromic lymphiocytic leukacmia  The chiermical nature of the factor and sts possible
selationship to the substances described by Miller remsains uneertamn

None of these ch \ can be regarded as actively leukaemogenic or of primary
aeuulcgmal xmportance, but thcu— further study may pmvxde snformation on the poorly
of physiological control of h: p and maturation and

release of bload cells.
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PLATE 1T
PANOPTIC CYTOLOGY OF NORMAL BONE MARROW AND LEUKAEMIC
BLOOD (MAY-GRUNWALD-GIEMSA STAIN}

1. Normal bene marrow
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\‘9;:*\” I

3. Acute lvmplmbhshc Jeukaemia 6. Chrume tymphocytic levhaema,

Totnap 12
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PLATE I
PANQPTIC CYTOLOGY OF NORMAL HONE MARROW AND LEURKAEMIG
BLOOD (MAY-GRUNWALD-GIEMSA STAIN)

£, Normal bone massou
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PLATE 111

ACUTE LEUKAEMIA—MAY-GRUNWALD-GIEMSA
STAIN (M.G.G.) (A)

Myeloblasts and a reticulum cell from acute myeloblastic leukaemia,
showing the common pattern of umform nuclear structure with one to
four nucleol und a moderately wide eytoplasmic nm (X 1000)

Alyeloblasts and a promy clocvte from acute myeloblastic leukaeria  An
occasional cell shows nuclear folding of the paramycloblastic kind.
(% 1000)

A group of less undorm mycloblasts from acute mycloblastic leuhaemia,
showing vanation 1n cell outhine and n nuclear-cytoplasmic tatio (X 1000)
Vanaton in cell size, oy topl 1t and  vacuol m
leuhaemic my cloblasts (X 1000}

Prinutise cells from acute myelomonocy tic leukaema (X 1000)

7 and 8. Various monocyte precursors from cases of acuic monocytic
leukaenia (% 1ooo)

10 and 11. Auer rods n leukacmic mycloblasts (9 and 10) and promono-
cytes (11)  { x 1000)
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PLATE I1L

ACUTE LEUKAEMIA—MAY-GRUNWALD-GIEMSA
STAIN (M.G.G.) (A)

Mvcloblasts and a reticulum cdl from acute mycloblastic leuhacnua,
showing the common pattern of uniform nuclear structure witl enc to
four nucleoli and a moderatcly wade eytoplasmie nm - { £ 1000)
Myecloblasts and a promyelocyte from acute mycleblastic Joukacmia  An
occasional cell shows nuclear folding of the paramycloblastic kind
(~ 1oa0)

A yroup of less umiform micablasts from acute myddoblastic leukaemia,
showing varsation n cdl outhne and in nuclear-cy toplasmic ratio (£ 1000)
Vanation in cell size, cvtoplassuc irregulantics and vacuolation n
leukaemi mycdoblasts ( / 1000)

Primitive cells from acute my<lomonocy tic levkacmea (4 3000)

7 and 8. \arious monocyte precursors from ases of acute monocktic
lcukacma |/ 1600)

10 and 11, Aucr rods in leukacmie myvddoblasts (9 and 10) and promono-
wtes (11} {1000}






PLATE IV
ACUTE LEUKAEMIA M.G.G. STAIN (B)

1. 1ypical group of cells from acute lymphoblastic leukaenua, showing high
nuclear-cytoplasmic ratio (¥ Goo)

2. Group of lymphoblasts surrounding a plasma cell  {  1000)

3 Intense mitotic activity m acute lvmphoblastic leskacmia (¥ 1000)

4 \amations 1 cell wize and shape, Rieder ccll formation, and a nutotic
figure, from a marrow smear of acute lyiphoblastic leuhaemia (< 1000}

5. Conspicuous cytoplasmic fragmentation of leubaenue Jymphoblasts
{ 7 1000}

6 and 7. Lymphoblasts with characteristic appearance of nucleus filling the
cell and early Ricder cell formation  ( « 1000)

8. Vacuolated cytopt detached from
{1000}

9. Intferences 1n cell size and depth of nuclear staming, with nuclear -
dentation and cleasage of the Riedcr cell type in leukacmic Iy mphoblasts
{ « 1000)

10. Leuk Iymphoblasts with lly large amount of cy toplasim, but
with lation and cy topl

1 Iy mphoblast




CHAPTER 5
THE LEUKAEMIC CELL

1. Cytology nnd Cytuchemislry

IN recent years ncreasing attention has becn p:ud to the detailed structure and function

N;)-attempt \nll be made to dxscuss in det:ul the structure and physiology of normal
leucocytes and their precursor cells, nor, indeed, will the vast mass of data concerning the

problems of the nature of leukaemia and the general pathogenesis of the discase. It would
be destrable to determine whether the resemblancés were superficial, masking an essential
dxspanty, or the differences secondary, imposed upon a basically normal cell, and, since
studies in thus field can be conducted as easily with human as with rodent matenal, to
decide whether the same answer applies to both man and mouse,

Cytological Studies
The multxphcxty of staimng proced and mi h currently apphed

to the study of normal and abnormal leucocyte morphology may be conve veniently grouped
mto four classes. the orthodox pa.nopnc stzumng of dried blood smears with eosin—

methylene blue mixtures, more sp 1 tech the use of supravital

trast 194 wstudy living cells, and, fmally, electron microscopy.

, M PLATE V
CHRONIG LEUKAE]\IIA—I\LG.G. STAIN

1. Low-power field of pernipheral blood in chrome
, Procursors and thiombocytosis. (x 300)
T sy,

! . . . ¥ granulo-

showing

, . R .. et
ekt ey 2 Renavina, (X 800
1owing smear cells and pxedammandy
600)
o - m g e pepesy oo wukaemua, (X 1000)
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features of individual leukaemic cell cytology are quite commonly seen m leucocyte pre-

cursars involved in a leukaemoid prohfcmhon. This parallelism is truc of all forms of
and leuk id reactions, including granulocytic, lymphocytic, monocync :md

blast cell types. A selection of rep tive cytulogcal apr from

blood and bone-marrow preparations is given mn Plates 11, III 1V and V, and these

illustrations serve also to replace a lengthy textual description of the cytological features

revealed 1n leukaemic cells by panoptic staming.

Auer bodies. In 1906 Auer drew attention to the occurrence of rod-shaped azumphxhc
bodies, from I to 7p in length, m the cytoplasm of the “large lymphocytes™ 1 acute
leukaemia. Subsequent reports on the nature and distnbution of these rods have been
reviewed by Locquin and Bessis (1949} and Ackerman (150}, wha also described the cyto-
chemical reactions given by the bodies. These structures have been most often encountered
1n leukaemic myeloblasts and promyelocytes, and early reports of their occurrence in, lym-
phoblasts have not been substantiated, They may, however, be found in monoblasts and
promonocytes in both acute monocytic and myelo-monocytic leukaemias (Goodwin, 1934,
Hawksley, 1935, Kibler, 1947), and have even been reported, rarely, to occur in mature
neutrophul polymorphs (Richter, 1923}. There 1s no doubt that Auer bodies are common
and conspicuous in many cases of acute leukaemia, and sometimes can be seen in the early
myeloid cells of chronic granulocytic leukaemia, but 1t is not casy to determine from the
hterature whether non-leukaemic cells may ever contaimn these rods, and until this point
1ssettled their presence must be regarded as suggestive rather than diagnostic of leukaemia,
Bessis {1056) has pointed out that Aver bodies may occasionally be strikingly evident with

Auer bodies oceur in about 10 to 20 per cent of acute myeloblastlc and monocytic leuk-
aemas, and 1 cases showing the rods between 2 and 50 per cent of the leukaemic cells
may contamn them. In an indivadual cell more than one Auer body may be seen; two, three
or four are not unusual, and sometimes feathery clusters of many rods may be found.
Ackerman (1950) and Bessis (x956) have dxscnssed the nature and genes:s of Auer bodies,
which appear to be an ab form of p latton, perhaps produced by
coacervation of newly formed granules in certain leukaemic cells whose cytoplasmic con-

stitutron favours granule fusmn The eaxhest forms appear as rounded granules which
are thought o ;

acrystalline

lozenge-shaped
Rieder cells . . . , and some-
tumes err fically leuk s an ly coarse lobular divi-

sion, with deep clefts sepa:atmg two, three or four masses of nuclear material, so that
a tri- or quadn-foliate appearance is given 1n thin preparations. Cells with such a nuclear
pattern are called Rieder cells,

Leukaemic myeloblasts will often develop this nuclear abnormality when kept in
suspension between shde and covership for a few minates, but normal cells sometimes do
Iikewise and the change 1s probably an early degenerative phenomenon. Primtive cells

of any cytological variety may manifest this nuclear peculianty Exampl h
Plates IT and IV, P Y ples e shown fn
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These will be discussed in turn, with a prelimi Yy t of the technical principles
and potentialities of each method and a comparative description of the findings in non-
leukaemic and leukaemuc leucocytes

General panoptic differential staining

The cosin-methylene blue mixtures of variable composition, usually dissolved in meth-
anol, and often referred to as the “ Romanowsky " group of stains, occupy a deservedly
unique place among haematological techniques, since they bring into prominence more
of the characteristic features of blood cells than does any other staining method. Three
principal modifications are m common use today; the most widely popular and successful
is that of Pappenheim, in which the May-Griunwald and Giemsa mixtures are used
successively, and the descriptive cytological details below are derived from preparations
stamed in this way. The other two panoptic stams, those of Leishman and Wright, are
commonly employed m routine laboratory practice in Great Britain and the U.S.A.
respectively. They have the advantage of relative simplicity in general use, but do not
provide so brilliant a stawm, particularly of the various cytoplasmic granules of leucocytes,
as results from the Pappenheim method. The mode of action of these mixtures is extremely
complex, and probably depends upon partial dissociation of the components after dilution
with water. The resulting intensity of staiming will vary according to the extent of dis-
sociation and the nature and quantity of the derived dyes, which may include two methyl-
ene azures, in which one or two of the methyl groups of methylene blue are replaced by
hydrogen, and a further transformation product of the second azure, Bernthsen's violet.

reproducible and consistent colouring of blood cells, the mechanism is not open to any
simple histochemical interpretation.

The successive use of May-Grunwald and Giemsa stains gives particularly clear results,
since the first emphasizes specific granules, while the second, by virtue of its added content
of methylene azures, stains azurophili¢ granules sharply and is a better nuclear stain.
The general effects for all leucocyte components are therefore complementary. X

Comparison of leuk ic and Jeuk ic cells. While the blood cells in
leukaemia may sometimes be indistinguishable from normal as far as the cytological
characters of individual cells stained by the May-Grunwald-Giemsa method are con-
cerned, abnormalities are frequent and striking in most cases, particularly among le§5<
differentiated cells. Early workers emphasized alterations in nuc]eapcytoplasqu’c ratio,
vanations in general cell size, abnormal size and prominence of nuclcoh,'dxscrcpant
maturation of nucleus and cytoplasm, mutotic abnormalities and changes in chromo-
some number. A tendency to easy disruption of cells, pycnotic nuclear degeneration,
cytoplasmic vacuolation and wregularity of cell ou.llmc may also often be obgcrved.
That such changes are present in leukaemia 1s certainly true; that they are specifically
leul and rep t 2 gnizable plastic _cl:lalnge fm }:htc lcucﬁc)&tc is r;wr:l:

i icient], werful proliferative stimulus of whatever kind may lea
?: e::;;nzsjs.}m‘x}nl:;ﬁ‘abnon};mies, ang alth})ugh the ovcra]l_picturc in leukaemoid re-
actions is often clearly different from that in frank leukaemia, the supposedly specific




PLATE VI
FEULGEN REACTION. NORMAL BONE MARROW AND
LEUKAEMIC BLOOD
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Cytochemical staining

By the use of cytochemical methods an attempt is made to reveal the chemical composi-
tian of cells and tissues, usually by the development of a colour reactton, without causing
the destruction of the tissues or damaging the cells so much that they become unrecogmz-
able. Perhaps the carhiest collected cytochemical observations were made by Raspail in
1830, but for the next hundred years this approach to the study of cells was neglected,
save for occasional isolated experiments  Most of the sporadic contributions to the subject
made during this century of neglect were reviewed by Pearse {xg51). but although they
included the mtroduction of the Prussian-blue method for demonstrating iron (Perls,
1867), the use of Sudan III to stam fat (Dadds, 18g6), and the detection of caluum in
tissues {von Kossa, 1gor), it was still possible for Lison n 1936 to regard the subject of lns
book Histochimie ammale as a new science

Since the publication of Lison's 1lent monograph the techniques of histochemistry
have expanded and multiphed enormously and they have been increasingly applied to
problems of pathology and physiology Chemical colour reactions now permut the charac-
tenization and differentiation of protewns, hipids, carbohydrates, enzymes, and 1norganic
substances in their natural situations in the cell cytoplasm or nuclens (Ghek, 1949). The
publication of the Jourtal of Hisloch {ry and Cylochemisiry since 1953 demonstrates
the rapidity with which newinformation 1s accumulating on the intimate cellular chemistry
of tissues  General discussions of the multiphcity of technical methods and the interpreta-
tron of results may be found 1 the books of Lison (x953) and Pearse (1953), but we shall
be concerned here only with those cytochemical methods which have been applied fo the
study of leucocytes, and, mn particular, the cells of levkaema  They include the Feulgen
reaction, the use of ribonuclease and microspectrophotometry in the study of nuclerc acids,
the desnonstration of lipids by Sudan black B and by Baker’s mathod, the periodic acid-
Schiff reaction and other procedures for glycogen, and various peroxidase, phosphatase
and other enzyme reactions

The Feulgen reaction. In 1924 Feulgen and Rossenbeck described a speaific applca-
tion of the Schuff test for aldehydes to the histochemical demonstration of desoxyrnbo-
nucleic acid (DNA). The chemistry of the reaction has been discussed by Stacey and others
{x946), and depends upon the hberation of free pentose aldehyde groups from the DNA
after hydrolysis with warm hydrochione acid - The free pentose aldehyde groups combine
with Schiff's reagent (I b fuchsin, ar line—p Iine mixture decolorized
by excess of sulphurous acid) to produce a brllant magenta-coloured substance. To be
DINA, the substance responsible for a posstive Feulgen reaction must give negative results
unless previously hydrolysed with hydrochlonc acid ’

The apphcation of this reaction to Jogy has been derably studied in recent
years. Pittaluga and Bessis (1944) used the reaction to investigate the structure and func-
tion of the nucleol 1 a vanety of normal and pathological cells, including primitive
haemopoietic cells, They found that the nuclef)lar substance never gave a positive Fuc[gen
reaction, but stood out as a sharply negative area susrounded by a clearly positive
* perinucleolar crown” which in 1ts turn was readite m the paler but still

ftive tear chromatin netwert 7 primary blood cells
sosx'mihneucr"i“ C « wwud be clearly observed.
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are not speaifically leukaemic, and merely reflect the presence of young, actively proliferat-
ing cells.

gl}ltra-vlalct spectrophotometry of nucleic acids. An ingenious thougl} elaborate
technique to determine the location and concentration of DNA and RNA was introduced
by Casp and his coll (Casp 1936; Casp and $ ' 1942;
Caspersson. 1950, 1935). The basis of this method lies in the intense absorp?lon of ult.r?,-
violet 1 '
acids. *
a photc

F70M Wascas voen ve e e,

the
e emnnen ) v e R 1008
marrow cells at different stages of maturity with regard to nucleic acids, proteins and
haemoglobin, using their respective maximum absorptions at wavelengths 2,600 A (for
nucleic acids), 2,800 A (for the tryptophane and tyrosine content of proteins) and 4,050 A
and 4,360 A (for hacmoglobn). Among the red cell precursors Thorell observed an early
phase of rapid growth where the concentration of cytoplasmic nbose pol leotides was

O
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The nucleolus and cytoplasm of primitive cells showed a high RNA content, with no DNA,
and the Feulgen positive chromatin and chromosomes contained DNA but not RNA. In
all sites wathin the cell, proteins were found.

Ultra-violet microscopy, like the enzymatic and specific staining techniques, has not
revealed any characteristic abnormality of DNA or RNA distnibution in leukaemic cells.
Accurate quantitative compansons of the polynucleatide content of different cells cannot
yet be achieved, since the optical and physico-chemtcal properties of cytological material
are not yet sufficiently understood (Thorell, 1952; Brachet, 1957), so that the results at
present available do not exclude the possible existence of subtle differences i the nature,

quantity and distnbution of nucleic acids in leukaemic cells; gross differences only are
excluded.
D

ration of glycog Neuk , in 1970, applied Best’s carmine method of

staining glycogen to human neutrophul polymorphonuclear leucocytes present m blood

and inflammatory exudates, He also studied the effect of iodine staining on this material.

Both methods d the p of les 1n the cytoplasm of these leucocytes.

This granular material was soluble in salivary amylase, and Neularch concluded that it

musct be g’ht{cogen ora closely rela&e:i carbohydrate. Stahl, Horstmann and Hilsmtz (1925)
of tod Tes i 1

P i ytes and found them also m
lymphocytes and erythroblasts,
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staining 'nucleoli n contrast to the surrounding intensely positive nucleolus-associated
chromatin. The method might therefore be expected to give mformation on mitotic and
nucleolar abnormalities in leukaemia with mare precision than the Romanowsky stams.
The varieties of mitotic disorder observed by, Koller (1947) in various tumours, including
changes in chromosome structure ansing from defective chromosomal separation at
anaphase, alterations i the number of chro: and abnormalities of the mitotic
spindle, may all be clearly deprcted 1n Feulgen preparations of leukaemic blood and bone
marrow, but, once again, no specifically leukaemic morphological change has been de-
tected. All these abnormalities are met with in leuk ic proliferatrve disorders of
haemopuesis, and are, indeed, more conspicuous in the erythroblasts of pernicious anaemia
and in the granulocyte precursors i some leukaemoid reactions than in the leucocyte
precursors of leukaemia. Examples of Feulgen staining are shown in Plates VI and VII.

The Feulgen reaction is also used in combination with ultraspectrophotometry to assist
in the differentiation of desoxy- and pentose nucleotides in the study of nucleoprotein
metabolism in haemopoietic cells.

Further methods for cytochemical detection of leic acids. Certain basic dyes
combine readily with the phosphoric acid groups of nucletc acids and may be used to
demonstrate either desoxynibonucleic acid (DNA) or ribonucleic acid (RNA). A valuable
combination of dyes is a mxture of methyl green and pyronine, since methyl green stains
only DNA while pyronine is specific for RNA  The respective specificities of these dyes
may be confirmed by the parallel use of purified nucleases; smears exposed fo desoxy-
ribonuclease no longer stamn with methyl green (or with the Feulgen reagents), while those
treated with mbonuclease no longer stain with pyronme (Brachet, I940, 1942). By the
use of methyl green—pyronine muixtures applied to untreated and rbonuclease-digested
smears, together with parallel use of the Feulgen reaction, the distribution of DNA and
RNA in haemopoietic cells has been determined.

The cytoplasmic basophilia of primitive blood cells, seen in Romanowsky-stained pre-
parations, 1s due to the presence of RNA, which stawns strongly with pyronme and is
selectively destroyed by nbonuclease. The nucleoli of young cells also contain RNA and
stain with pyronine. White (1947) concluded that the existence of high concentrations of
RNA in the cytoplasm and nucleoli of young haemopoetic cells appeared to be closely
related to their capacity for proliferation and their ability to synthesize specific cyto-
plasmuc constituents. The presence of RNA has also been demonstrated by these methods
in the cytoplasm of lymphocytes and plasma cells (Rheingold and Wislocks, 1948), in
neutrophilic granules (Berghe and Hofman, 1945), in Auer bodies of leukaemic myeloblasts
(Ackerman, 1950) and in leucocytic toxic granulations in degenerating cells (Jackson,

19%?;owaonudexc is less used than ribonuclease, since the Feulgen reaction provides
a convenient parallel to methyl green in the demonstration of DNA. When methyl green
is used the pattern of positivity is cogﬁned to the nucleus, a{:d c10§ely resembles that
shown in Feulgen preparations, but while the Feulgen reaction is specific to DNA of both
high and low polymer type, methyl green stains only highly polymerized DNA (Kumick,

. 1951).
Ig'sl'zh,e‘i,;ﬁ::::frl:;dglfy%erplasﬁc marrow state in leukacmia is associated with increased
nucleic acid content of the cells, with RNA values particulasly raised, but these changes
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granulocyte precursors, T

colounng, usually faint, by -

ke that seen in myelocytes. wyewpraveay ove o o }
granulocytes, but P.A.S -positive granules can often be " I in the cytop
They may be fine or coarse but are usually discrete, varying in numbcr_{mm two or three
to about forty, and often arranged in a ning or crown around the periphery of the cell.
Monocytes appear normally to contain small amounts of finely scattered glycogen, ?lat@
lets contain much P.A.S.-positive material in two forms: the one finely scattercd,‘hghlly
staming and peripherally distributed, and the other densely clumped, heavily positive and
centrally situated. Megakaryocytes show dense staining over and around the nucleus, and
fine Jes throughout most of the cytoplasm.

Most of the earber workers did not find any gross differences from normal in the glycogen
content of blood and marrow celfs 1 pathological conditions, apart from some increase in
granulocyte glycogen i infective states. Gibb and Stowel! (x949), for example, reported
that len) ic granulocytes, lymphocytes and monocytes showed a similar positivity to
1 .

PRy S

encountered 1n bone-marrow and lymph-gland cells from Iymphocytic leukaemia. The
authors claimed that this phenomenon was not paralieled 1n the normal lymphocyte series,
where g glycogen content d with i ing matunty, and must therefore
be linked with the leukaemic transformation A lgh glycogen level in Iymphocytes is
not, however, pecubar to lenkaemia and the appl of iqy itative scoring
methods m the assessment of P.A S positivity in the lymphocytes in a vanety of lympho-
probferative discases has demonstrated high levels in lymphosarcoma, Hodgkin's disease
and other ig lymphoeytic prohf; As a result of such studies, Mitus
and his (1958a) ted that the glycogen increase was not specifically related
to leuk ta but was a pecif q of i bolic and prol e
activity n the lymphocytic system. Quaglino and Hayhoe (19594) further demonstrated
that a close relationship existed between the level of P A S, scores and the effect of treat-
ment in chronic lymphocytic leukaemia Patients, p ly untreated and displaying

- T PRt T s

nicher m glycogen than more mature lymphocytes, although nucleolated lymph

cells and the lymphobl of acute lymphoblastic leuk often showed very strong
positnity, either m the form of several concentric rings of coarse granules or as heavy
blocks of glycogen. Swmce myeloblasts and promyelocytes from acute lenkaemia were
substantially negative, showing at mest a diffuse cytoplasmic tinge, and Jeuk ic mono-
cyte precursors, though vanable 1n reaction, failed to show heavy blocks of posttive
matenal, these authors suggest that the P.AS. reaction may be valuable 1n the differ-
entiation of the cytological varieties of acute leukaemia.
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The iodine stains used by these early workers demonstrate glycogen or allied substances
by a rather imperfectly understood chemical reaction, and cannot be strictly regarded as
histochemical stains. The Bauer-Feulgen chromic acid-Schiff cytochenmcal technigue for
glycogen was applied to dried blood films by Mancim and Celani Barry 1n 1941 and 1942
and the results compared with those obtained with iodine and Best’s carmime. These
authors found the iodine method to be the most simple and sensitive, but they did not
demonstrate the presence of glycogen in Iymphocytes, ytes or eatly granulocytes.
Subsequent workers have used the Bauer-Feulgen method, the periodic acid-Schiff {P.AS)
technique (McManus, 1946; Hotchlass, 1948), and a chromic acid-silver-methenamine
method developed by Gomori (1946), and have obtained fauly consistent results
with all methods, although the Bauer-Feulgen technique appears to be rather less
sensitive and produces more diffuse non-specific tinting of the background than do the
other methods. The P.A.S. stain 1s probably the most sensitive, but the silver method
gives 2 black precipitate at glycogen sites and provides especially sharp contrast for
photography.

The observations recorded here on glycogen distribution in normal and leukaemic cells
have been obtained chiefly from P A S preparations (Wislock:, Rhemgold and Dempsey,
1949; Gibb and Stowell, 1949; Hayhoe, 1951; Storts, 1952, Astald:r and Verga, 1957;
Quaglino and Hayhoe, 1959), and it is appropuiate to discuss briefly the chermeal basis of
the reaction and 1ts specificity.

Periodic acid (HIO,) acts specifically to oxidize the 1-z glycol grouping (CHOH-
CHOH]) or 1ts amino- or alkylamino-denivatives to produce a di-aldehyde. The oxidation
does not proceed further, and the resulting aldehydes give wath Schnff’s reagent a sub-
stituted dye of magenta colour According to Hotchlss (1948), a positive reaction may
be given by several classes of naturally occurring carbohydrates, including monosacchar-
ides, polysacchandes, glycoprotein and mucoprotein conjugates, phosphorylated sugars,
inositol denvatives and cerebrosides. Substances of low molecular weight are hkely to
diffuse away during the course of fixation or after oxidation, and glycogen can be distin-
guished from other positively reacting compounds of high molecular weight by the use of
control matenal subjected to saltvary amylase digestion. Compounds such as ribose or
desoxyribose nucleic acids and the hydroxyamino acid residues of p are chemically
substituted so that the free glycol group 15 not present, and they do not give the reaction.

Positive reactions are localized to the cell cytoplasm. The normal erythropoietic sertes
does not show detectable amounts of glycogen at any stage of cellular development. The
myeloid sories gives positive results, to a greater or less extent, 1n all identifiable cle.lls

Neutrophil polymorphonuclear Jeucocytes contain very large amounts of P.A.S.-positive
matenal, usually i the form of moderately fine granules packed so closely together that
no cytoplasmic background can be distinguished. Granules may be seen over the nuclear
surface, but they rarely obscure its outhne and detail. Neutrophil n:netamyclocytcs and
myelocytes contain many glycogen droplets, fhcugh not so many as in mature po]y"mur-
phonuclears. The granules show vanations in suze and arrang t, bfx?g n
relatively few and very coarse, but more often 'zmd fine, E phil granulocytes
have a very distinctive appearance in P.A_.S. preparations; the large spepﬁc eosmo.ph}ll
granules remam unstained and sharply outlined against a background of dnﬂ'lusgly po;:x;x;e
intergranular cytoplasm. Basophil cells show a coarse cytoplasmic granularity. rly
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The erythroblasts are P.A.S. negative in most forms of leukaemia, but in erythro-
leukaeria and erythraemic myelosis they commonly show strong diffuse and granular
positivity (Quaglino and Hayhoe, 1959%).

Ackerman (1950) found that Auer bodies gave a positive reaction with the P.A.S.
technique, but salivary digestion greatly reduced the positivity. This observation is
unconfirmed.

Representative illustrations of P.A.S. preparations of normal and leukaemic cells are
shown in Plates VIII-XI.

Demonstration of lipids. Early observations on the lipid content of leucocytes were
made by Petry (1908}, who isolated eosinophil granules and stated that they showed no
fat reaction, Sehrt (1927), who described lipid granules n neutrophil polymorphs stained
with Sudan III and Nile-blue sulphate, and Bacsich (1933-6), who stained lipid granules
in leucocytes with Sudan 1T but found many samples of this dye unsatisfactory. In 1934
Lison mtroduced a new mert dis-azo dye, Sudan black B, which stains neutral fat droplets
very well and has the additional advantage of staining phospholipids and sterols, The first
report on the stamning of leucocyte granules with Sudan black B was by Sheehan (1939),
who found that polymorphonuclear leucocytes were filled with deeply stained granules,
eosmnophil granules appeared to have only a surface layer of lipid, monocytes showed a
vanable number of granules, while large and small Iymphocytes were always quite free
from lipid. Myelocytes showed many granules; myeloblasts had usually a small number
of obvious granules but were sometimes clear; lymphoblasts contained no granules at all.
Subsequent studies by McManus (1945), Wislock and Dempsey (1946), Wislocki, Bunting
and Dempsey (1947) and Bailiff and Kimbrough (1947) provided general confirmation for
these findings, although there were some discrepancies over the staining of monocytes,
basophils and primitive cells, Most of these workers used methyl alcohol fixation, but
Sheehan and Storey (1947) showed that more even and consistent results could be obtained
after fixation in formaldehyde vapour and with the use of a Sudan-black solution main-
tained at a neutral or slightly alkaline reaction, and having a small proportion of phenol
added to act as a mordant.

Rheingold and Wislocki (1948) made detailed observations on the sudanophilia of cells
of human peripheral blood and bone marrow, and Bloom and Wislocki (1950) compared
their results with Sudan black B with those obtained by the use of the acid haematin stain
for phospholipids described by Baker (1946). These investigations showed that clearly
detectable sudanophilic granules were present in neutrophil leucocyte precursors fromthe
time when specific granules first appeared. These lipid granules stained greyish brown to
black and appeared to be identical in number and distnbution with the specific neutrophil

¢ granules of eosinophil polymorphs and myelocytes were also sudanophil
:nd showed the darker periphery and clear interior descibed by Sheehan and other
workers, Basophil granules were studted m the blood of patients with c%:r.onic myelord
leukaemia and were found to be positive, though rangingn mten§ity of staining from pale
grey to deep black. The larger basoplul granl{les were pale, with a clear centre, while
smaller ones stained deeply and appeared sohqu black, Sxfu:e previous workers had
differed over the sudanophilia of monacytes, {(hemgold and Wislocki stud'led the blood of
patients with a high monecytic count 1 wh}cb these cells were readdly identifiable and
found the cytoplasmic sudanophilia to be variable, ranging from a few faint dotsup toan
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PLATE IX
PERIODIC ACID-SCHIFF (P.A.S.) REACTION (A)

In this plate and m plates X and XI a number of duphcated wlentscal fields,
the first stamed by the May-Grunwakl-Giemsa (M G G ) technique, and the
second by the P A S method, are shown Smears were first stained with the
MG G method and suitable fields chosen and photographed — The specimens
were then submutted to the P AS staning procedure, during which the
Romanowsky dyes were removed by the periodic acsd PAS positivity
after tlus procedure was found to be entirely comparable with that of pre-
viously unstained smears  After the smears had been lightly counterstained
with haematoxylmn the fields previously photographed were again found and
rephatographed, thus allowing a direct comparison between cytological
appearances after MGG and PA S starmng to be aclueved

1 and 2, Dupheate M G G and P A S -stained fields from acute myeloblastic
leukacmim The primitive cells are umformly nogative (X 1600)

3, 4 and 5. Cells from P A S -stained blood smears of three further patients
with acute myeloblastic leukacmia In each case the myeloblasts show
a megative reacton, positive granules being present in a lymphocyte
(in 3), a myelocyte and a metamyelocyte (in 4) and a mature polymorph
(n5) (x 1000)

6 and 7. Duphcate MG G - and PA S stamed fields from acute lympho-
blastic leukaenua  Conspicuous rngs of positive granules arc present 1
many of the lymphoblasts, and positive reactions are seen mn disrupted
cytoplasmic fragments (not to be confused with platelets, which are also
positive, but not present 1n these fields) (X 1000)

8,9 and 10, Further PA S stained preparations from different patients with
acute lymphoblastic leukaenua, illustrating the vanable, but often
coarse, anmular positivity, and the occasional presence of dense posttne
blocks, as 1z 10" Tlus last feature has been encountered most often 1
childhood leukaemia (X 1000)






PLATE IX
PERIODIC ACID-SCHIFF (P.A.S.) REACTION ()

In thus plate and 1n plates X and XI a number of duplicated 1dentical fields,
the first stamned by the May-Grunwald-Giemsa (M G G ) technique, and the
second by the P A'S method, are shown Smears were first stained with the
MG G method and sutable fields chosen and photographed  The specimens
were then submitted to the PAS staming procedure, dunng which the
Romanowsky dyes were removed by the penodic acid PAS positnity
after this procedure was found to be cntirely comparable with that of pre-
viously unstamed smears After the smears had been hghtly counterstamed
with haematoylin the fields previously photographed were again found and
rephotographed, thus allowing a direct comparison between cytological
appearances after M GG and PA S staining to be achieved

1 and 2. Duplicate M G G - and P A S -stamed fields from acute mjeloblastic
leukaemia The pimitive cells are umiformly negative (X 1000)

3, 4 and 5. Cells from P A S -staned blood smears of three further patients
with acute myeloblastic leukaenia  In each case the myeloblasts show
a negatne reaction, posiive granules being present n a lymphocy te
(in 3), 2 myclocyte and a metamyclocy te {n 4) and a mature polymorph
{n5) {x 1000)

6 and 7. Duplicate MG G - and P A S -stamned fields from acute Iympho-
blastic leukacmia  Consptcuous rings of positne granules are present in
many of the lymphoblasts, and positive reactions are seen 1 disrupted
cytoplasmic fragments (not to be confused with platelets, wliuch are also
positive, but not present i these fields) {> 1000}

8,9 and 10, Turther P A S -stained preparations from different patients with
acute lymphoblastic leukaemia, illustrating the varnable, but often
coarse, annular positivity, and the occasional presence of dense positive
blocks, as 1 10 Tlus last feature has been encountered most often 1n
childhood leukaemia  ( + 1000)
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PLATE X
P.A.S. REACTION (B)

1 and 2, Duplicate MG G - and P A S -stamned fields from acute monocytic
leukaemia  The monocytes in this case were negative, although the
single polymorph 1 the ficld shows strong cytoplasmic positivity
{ X 1000)

3, 4 and 5. Leukaenuc cells from three further cases of acute monocytic
leukaemia, showing vanabilty mn the P A'S reaction of monocyte pre-
cursors, from famnt granular positivity 1 3 to moderately strong reactiuty
1n 4 and coarse pentpheral positivity 1n 5. (X 1000

6an . 1 1

LN CALH LadE LuG Stiunp 5 430 proseesrary we o g ean .
clearly shown  {x 1000
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obvious pa.mculatc dustmg \uth coarser lipid granules. These fine dots, and similar ones
seen in my and karyocytes stained with Sudan black B, were
more distinctly smmed by Baker's method and were presumed to be mitochondrial phos-

phohpld Lymphoecytes were uniformly negative.

“1’35 regnxded as of yalue in differentiating the forms of acute leukaemm In a simular
study, Hayhoe (1953) found the myeloblasts of acute myeloxd leukaemia to possess many
very ﬁne and lightly stained greyish-brown dots and rods in the cytoplasm, particulasly
i the juxt: lear areas and usually concentrated centrally between the

Tobes of the nucleus n pammyeloblasts. These, and comparable gr:mules in the pnmmve
cells of other cytological varieties of acute leul ia, were p dria and
did not differ significantly from those to be seen in normal precursor cells. In chroni¢
myeloid leuk most locytes were indistis hable in Sudan-black reaction
from normal cells of sumlcu' maturity, but in several peripheral-blood smears a small pro-~
portion—some two or three per cent—of mature polymorphs showed no stained granules;
no comparable observation of granule-free polymorphs was made in normal bloed or
marrow. A more striking deviation from the normal pattern was seen in chronic lymphatic
leukaemia. Many mature lymphocytes were negative and almost invisible in uncounter-
stamed Sudan black B preparations, but a variable proportion, about 10 per cent in one
case, 50 per cent in another, and none at all in a third, showed a dark, finely granular,
positive reaction n the narrow cytoplasmic rim of the cell. Lymphocytes 1 normal bleod
and 1n a vanety of non-leuk pathol 1 conditions ined were always negative,
and this ph of lymph 16 hilia in chronic lymphatic leukaemia may
perhaps be peculiar to the dlsease although the cells of Iymphocytic leukaemoid reactions
have not been studied 1n this regard.

Locqum and Bessis (1949) and Ackerman (1950) found Auer rods to be strongly
sudanophulic.

Results of Sudan black B staming of normal and leukaemic cells are llustrated i Plates
XII and XIII.

Peroxidase reacti The ofa dase enzyme system in leucocytes can
be demonstrated by the use of an oxidizable substrate having brghtly coloured oxidation

PLATE XI
P.A.5. REACTION (C)

ey L seuRabIIL, SHOWINE SUGRT
or moderate granular pohsn(mtg) m tl:e cy:apla;m hoz many Iymphocytes. The strongly posibve
reaction 1n a_ polymorph (i &) contrasts with the weaker

granulocyhe leukaema (see 2). (X 1ooc) seaction of palymorphs 1a chrome



PLATE XI

3

&

5 .HV.,WN ST

S0 SN DN

n‘f.,) .
P

(4
=TI

L5

o

To face page S5

e



PLATE XII
SUDAN BLACK B STAIN. NORMAL BONE MARROW AND
LEUKAEMIC BLOOD

3. Acute lymphoblastic leukaema 6. Chronic lymphucytic leukaemia
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84 THE LEUKAEMIC CELL

products. The most commonly used and most satisfactory of the available substrates
until recent years has been benzidine, which yields blue or brown compounds on oxida-
tion. It was first introduced by Graham (1918) for the study of blood films, and his
method forms the basis of most peroxidase reactions used in haematology today, although
many modifications with respect to fixation and mordanting have been employed by
dafferent investigators, and since benzidine itself is a carcinogenic substance it is now
being replaced by o-tolidine. Methods which allow the use of a Romanowsky counterstain
are espectally valuable, since the cells can be more easily identified, and the illustrations
in Plate XIV are from preparations counterstained in this way after peroxidase staining
by a modification of the Graham-Knoll technique, in which o-tohdine replaces benzidine
(Quaglino and Flemans, 1958).

All granulocytes give a positive cytoplasmi¢ reaction and appear crowded with yellow-
ish-brown granules. Lymphacytes are negative, and monocytes contain a variable number
of granules, usually finer and more scanty than those in granulocytes. The method has
been regarded as of value in differentiating loblasts from lymphoblasts, since myelo-
blasts often show some few peroxidase granules whereas lymphoblasts are uniformly
negative, but the distinction cannot always be made by this means because the youngest
myeloblasts are also peroxidase-negative. Auer bodies are peroxidase positive.

Study of the blood and marrow cells in leukaemia has not hitherto revealed any specific
abnormality of peroxidase distribution.

The relation between specific, P.A.S.-positive, sudanophilic and peroxidase
granules. The general distribution of all these granules 1s roughly comparable. Sudano-
philic granules are almost certainly 1dentical with the specific granules of Romanowsky-
stained smears since their occurrence, number and distribution in all cells of the
granulocytic series run closely parailel A further corroborative observation is that the
speaific granules of a Leishman-stained preparation become abscured 1f, after short ex-
posure to Leishman’s stain, the slhde is stained with Sudan black B. Again, counter-
staining Sudan-black preparations with Leishman's stain reveals no specific granules
distinct from the sudanophilic granules, Sudanophil les are, however, larger than
specific granules, and this difference was discussed by Discombe (1946), who concluded
that the discrepancy was optifactual, resulting from the absorption of one of the
Teishman azures, probably Bernthsen's violet, on the surface of the lipid granule, »_vith
the production of a discoid image of smaller djiameter than the granule itself when light
from the condenser was focused by the granule.

- - -
ted by Sehrt {1527), who concluded that the oxidase reaction of blqod cells was propor-
?i‘())nal tg' their h;ig c7o)ntent, and by Lison (1936b), who tho.ught 1t possible that t}}e oxxda§e
positivity depended less on the presence or ab§er':ce of ‘oxn?ases, than on the existence in
the cell of lipids capable of dissolving and retaining oxidation products,
A careful study of the relationship of leucocyte sudanophilia to leucocytic oxidase and
peroxidase reactivity was reported by Lil\_ie and Burtner (1953). Exposure of blood smears
to a wide variety of physical and chemical procedures potentially active in extracting
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PLATE X111
SUDAN BLACK B

(Preparations hightly counterstained with haematoxs bn with
the exception of those shonn tn 7 an

-

Cells friom acute myeloblastic leukacmia, showing negative or famtly
posttive reaction i mveloblasts, clear positivity in promyelocy tes and
a wingle strongly sudanophific polymerph (< 1eoo)
Completely negative primitsve cells from acute Iymphoblastic leukaemia
t ¥ 1000)
Cells trom acute monocytic leukaema, showing typical finely scattered
positive granules in three prinytnve cells, a fourth cell beng negative
(» 1000}
. Conspicuous positive Auer rods in acute myeloblastic leuhaerma  { x 1000)
Negatrve Iymphoblasts with marhed vacuole formation, showing that the
vacuoles are Sudan Black negatine (X 1ooo)
Group of three monocyte precursors and 4 poly morph from acute monocy tic
lcukaemud, 1llustrating numerous coarsely posittve Auer rods of various
shapes and sizes | < 1000)
7 and 8 Granulocytes from chronic locy tic k
stamned, showng mereasing sudanoplubia with mcreasing ccdl matunty
{» roo0)
9. Negative lymphocy tes and a very strongly positive polymorph from chronic
Iy mphocytic leukactia (> 1000)
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CYTOCHROME OXIDASE 8s

Lipids or destroymg enzymes led these workers to the conclusion that sudanophilia of
leucocytes was not dependent on the presence of lipid, but resulted from an unexplained
chemical combmation of the dye with non-lipid cytoplasmic constituents. The earlier
conclusion of Agner {1941) that the benzidine peronidase and the stable M-Nadi oxdase
reactions were essentially similar and due to the presence of a leucocytic peroxidase
enzyme system was supported, and the suggestion of Schrt (1927), Lison (1936b) and
Gomori (1951} that the “oxdase” reaction was attnbutable to fatty acid peroxides and
not to enzymatic activity was not confinmed.

Despite the discrepant views of different workers as to the precise cellular components

sponsible for sudanophilia and peroaidase reactivity, these components are probably
located in or upon the speaific granules This conclusion is supported by the observations
of Takikawa and his associates (1957), who isolated leucocyte spectfic granules, mito-
chondria and cell nuclei by homogenization and differential centrifugation, and found the
peroxtdase activity chiefly confined to the granular fraction.

The mtracellular location of P.A.S.-positive cytoplasmic material appears to differ from
that of specific, sud hilic and p d les. In cells of the eosinophil and

and that these could be stained in the same preparation by a modified combimnation of
Sudan black B and P A S. techniques applied ively to the smear. Glycogen
granules therefore form a component of the cell cytoplasm separate from the other stain-
able granules,

The demonstration of cytochrome oxidase in leucocytes. The labile or G-Nadi

oxidase reaction, described by Grafi (1916), ind the p of the cy

cytochrome oxidase system. The staining procedure mnvolves the oxidation of a mixture
of alpha-naphthol and dimethyl-p-phenylenediamine in the f of this enzyme
system with the production of insoluble indophenol blue. The specificity of the reaction

15 discussed by Pearse (1953).

Hofimann, Rottino and Stern (1951) applied this method to cells of lymphoid and
myeloid tissue from healthy individuals and from patients with leukaema and Hodgkin's
disease. Positive granules were detected in the cytoplasm of all cell types examined;
nuclei were invanably quite negative. Lymphocytes contained some 5 to 2o round, deep
blue, cytopt les; polymorph lear leucocytes usually showed rather fewer
granules; myelocytes were more active than mature granulocytes; monocytes showed the
greatest intensity of reaction and showed numerous positive granules. Megakaryocytes
and platelets were mactive. Cells from both myeloid and lymphatic leukaemia showed
about the same amount of activity as their normal counterparts and no distinctively
leukaemic features were 1dentified,

The. cytoplasmic particles stained by the G-Nadi reaction correspond 1 size, dis-
tnbution and number to patticles staned supravitally by Janus green, and presumably
are closely related to mitochondna In the experiments of Takikawa ef al. (x957) with
1solated cell components, cytochrome osidase activity and the closely associated succinic

dehydrogenase activity were chiefly concentrated m the mutochondral fraction of
leucocytes.




PLATE XIV

PEROXIDASE REAGTION. NORMAL BONE MARROW AND
LEUKAEMIC BLOOD

3. Acute lymphoblastic leukaerata 6. Chronic lymphocytic leukacmia




ALKALINE PHOSPHATASE 87
ization of alkaline phosphatase by Menten, Junge :md Green (1944} :md numemus modi-

fications of the original technique have sul ly been p and
Scligman, 1948; Gomori, 1952} Grogg :md Pearsc, 195”41 Kaplcw, 1955) Comparablc
i for the & r'\hnn of acid phosp azo-coupling or post~

Hed 3;

incubation coupling were d and M; whei {2949), Grogg and Pearse
(19525), Burton (1954}, Rutcnburg and Seligman {zg35) and others.

Of all the histochemical staining methods, those for phosphatases, and particularly
alkaline phosphatase, have been claimed to reveal the most significant differences between
feukaemic and non-leukaemic leucocytes. Most of the initial studics were carried out with
the calcium or lead phosphate methods, Wachstein (1946) and Plum (1950) found the
alkaline phosphatasc content of the cells in chronic myeloid leukaemia to be greatly
diminished, in sharp contrast to myelofibrosis, leukacmoid reactions and inflammatory
leucocytoses, where the enzyme was unusually abundant in the leucocytes; normal neutro-
p}uls were mtcm'ledm(c in activity. These results are in general conformity with those

d b; 1 anal (Valentine and Beck, 1951; Beck and Valentine, 1951;
Valentine ¢f al., 1952; Wiltshaw and Moloney, 1955), but unfortunately the Gomori~
Takamatsu procedure suffers from many drawbacks as a definitive cytochemical method
and gives little information on precise intraceliular localization of enzyme activity. Indeed,
the most striking feature of the reports on both acid and alkaline phosphatase activity in
bload and bone-marrow cells studied by the phosphate method has been the variable and
contradictory nature of the results. The findings of Wachstein (1946), Rheingold and
Wislocki {1948), Rabinovitch and Andreucei (1949), Kerppola (1951), Brodell and Swisher
{1954) and Wiltshaw and Moloney (1955) amply illustrate the lack of uniformity as to the
cell types reported to show positive staining and the location of reaction sites within
mdxvxdunl cells, Many workers have shown that the nuclear staining which often pre-

when thcse hni are used does not represent phosphatase activity but is
an artifact due to p hate diffusion from some neigh ing site of enzyme activity, and
this problem of false positivity applies not only to the nuclens but probably also to ather
structures within the cell {Martin and Jacoby, 1949; Gomori, 19505; Novikoff, 1g51;
Johansen and Linderstrom-Lang, 1953; Gomori and Benditt, 1953; Pearce, 1953).

In view of the difficulties in interpreting results it is scarcely worth while to describe in
detail the findings of different investigators who have used these unsatisfactory techniques.

Relatively few reports have appeared on the npph‘caﬁon of azo-dye methods to the
demonstration of acid and alkaline phosphatases in blood and marrow cells. Kaplow
{1955) used this techmque and found alkaline enzymatic acuvzty canﬁned to neutrophilic

tes and & tusively in the cytopl
apparently studied.

Hayhoe and Quaglmo {1658) studied the Jeucocyte alkaline phosphatase activity in
normal sub]ects and i ina variety of diseases, including all forms of leut fa, by an azo-

ye dified from that descnbcd by Kaplow, involving fixation
in 1ce—cold formalin-methanol and incubation in a a!pha
phosphate, Brentamine Fast Gamet (the di fum salt of ) and a
propanediol buffer. The method proved very reliable and satisfactory in regular use and

enabled an accurate scoring of cell positivity to be carried out Positive reactions were

substantially confined to the cytopl of mature , all other cells of the

cells were not

3




86 THE LEUXAEMIC CELL

Wachches
W

‘. X ytic dehydr (1950} used tetrazolium salts to provide aj
/histochemical demonstration of dehydrogenating enzymes in blood and bone-marrow cells
; Hyd.rogen transfer.to these salts converts them from colourless water-soluble substances
"to }flghly coloured insoluble precipitates. Better results were obtained by the addition of -

: sodium succinate and other activators to the incubation mixture (Wachstein and Meisel,

[ I’9~5_§)[/Polymorphonuclear leucocytes, lymphocytes, and monocytes contain™ varying
fumbers of purple granules indicating sites of dehydrogenase activity. The granules are
independent from specific granulation, but probably related to cytochrome oxidase ,
granules, being similarly concentrated in the mitochondrial fraction of isolated cell !
components.

{  In infectious diseases and inflammatory states the leucocytes are reported to show in-
creased dehydrogenase activity, but the lencocytes of myeloid leukaemia do not apparently

! differ in activity from their normal counterparts,

' Histochemical d ration of phosph in normal and leukaemic cells.
Acid and alkaline phosphatases, or phosphomonoesterases, liberate orthophosphoric
acid from many alcoholic or phenolic monoesters. They differ chiefly in their widely
separated pH optima and in their reactions to certain modifying agents. Magnesium ions,
for example, are strong activators for the alkaline enzyme, while almost totally inactive
with the acid enzyme. The same is true to a lesser extent of other divalent cations such
as Mn++, Zn++, and Co++. Fluorides powerfully inhibit the acid enzyme, while relatively
ineffective against the alkaline enzyme. A substantial literature has now accumulated
on the histochemistry of phosphat although the techniques available until recently
were not entirely satisfactory when applied to blood and marrow smears and the results
tended to vary and were not easy to interpret.

The cytochemical characterization of the phosphatases depends on the formation of an
insoluble coloured precipitate at the site where substrate hydrolysis has occurred. Two
general techniques have been devised for the demonstration of non-specific phosphatases.

In the first, the enzyme-bearing material is exposed to a suitable phosphomonoester in
the presence of ions which are capable of forming an insoluble compound with the released
phosphate ions in the selected pH conditions. Gomori (1939) and Takamatsu (1939)
independently developed a method for accomplishing this reaction in the case of the al-
kaline enzyme, and their technique, with minor variations (Wachstein, 1946; Danielli,
1946), has been widely applied in haematology. The method depends on the deposition
of insoluble calcium phosphate at sites of phosphatase activity when material is incubated
with a glycerophosphate at pHg in the presence of calcium ions. Magnesium jons are
added to activate the hydrolysis. The precipitated phosphate is rendered visible by con-
version into cobalt phosphate followed by conversion of the latter into black coba}t
sulphide. Gomori (1941, 19504) employed a similar method for the dem'onstra_tlon of acid
phosphatase. At pH4-7-5, calcium phosphate is soluble, and !ead nitrate is therefore

added instead of calcium nitrate to the incubating medi The' luble lead phosphate

precipitated is made visible by conversion into black lead s_ulphxde. . )
The second technique, applicable with suitable modifications to.bx';vth acid and alkaline
phosphatase demonstration, involves the use of a sqbstrate containing a naphthyl Phos~
phate. As hydrolysis occurs, the Hberafefi naphth9l is coupled w1_th a diazotized amine to
form an insoluble highly coloured precipitate. This method was introduced for the local-
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ALKALINE PHOSPHATASE REACTION. NORMAL BONE
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88 THE LEUKAEMIC CELL

peripheral blood being negative. When individual cell positivity was rated from o to 4,
and 100 cansecutive cell ratings added to give a total score for any blood sample, rormal
subjects were found to have scores ranging from 14 to 100, Scores much above this range
were found in leuk id reactions, pyogenic infections and non-leukaemic myeloproli-
ferative states, while in chronic granulocytic lenkaemia the scores were almost invariably
well below normal.

‘The superior sensitivity and reliability of the method as compared with the Gomori-
Takamatsu technique and the biochemical studies of mixed cell populations revealed
further new data.

Repeated scores in chronic granulocytic leukaemia showed a tendency in remitting
cases for the leucocyte phosphatase level to return towards the normal range. The change
was not invariable, but occurred in most cases. In very full rernission an occasional high
normal score was found, but such a reversion is rare, the enzyme activity in remission
being usually near or within the lower range of normal.

In chronic lymphocytic leukaemia the neutrophil phosphatase scores were atways within
or above the normal range, while in lymphosarcoma and reticulum cell sarcoma normat
or low scores were found. In Hodgkin's disease enzyme activity was always increased
during relapse, though returning towards normal in phases of remission.

Studies of acute Jeukaemia currently in progress show high neutrophil atkaline phos-
P levels in lymphobl Teuk ia, very low levels in myeloblastic leukaemia, and
intermediate scores in monocytic and myelomonocytic lenkaemias.

The value of cytochemical phosphatase scoring in differential diagnosis is obvious and
its relevance to the concept of myeloproliferative disease (Mitus ¢ al., 19588) will be
discussed in Chapter 16, but the fund 1 signi of the variations in
leukaemia remains to be determined.

Illustrative fields from alkaline phosphatase preparations in the different varieties of
leukaemia are shown in Plates XV and XVI.

Studies of the acid enzyme have not yet given consistent or contributory resuits.

Other enzyme systems d rable histochemically. Histochemical methods
have been developed for the cellular characterization of several other enzymes. These
include g-nucleotidase, an enzyme capable of hydrolysing nucleotides such as muscle
adenylic acid (Wathstein and Meisel, 1932), glucose-6-phosphatase (Chiquoine, 1953},
non-specific leucocytic esterases {Gomori, X953), acetylcholine-csterase (Zajicek, Sylven
and Datta, 1954) and beta glucuronidase (Seligman ef al., 1954). The capacity of these
methods to elucidate patterns of enzyme distribution within leucocytes has not yet been
fully explored, and the results so far reported do not reveal any unusual leucocytic activity
in leukaemia, but further investigation with these and similar techniques may prove
fruitful.

Cytochemistry of inorganic elements. Numerous methods exist for the intracellular
demanstration of metals, including iron, calcjum, copper, zine, potassium, lead, bismuth,
mercury, and many others, and alsa for such salts as phosphates, carbonates and chlorides.
The available techniques are described and reviewed by Lison (x953), Glick (x949), Pears'e
{1953} 2nd Gomori (x952) in their texts. Relatively little has becn xeporfed on leucocytic
metal cytochemistry, either because the methods have proved unsatisfactory for use
with blood and bone-marrow smeass, or because leucocytes do not contain readily de-~

o .
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ALKALINE PHOSPHATASE REACTION. NORMAL BONE
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88 THE LEUKAEMIC CELL

peripheral blood being negative. When individual cell positivity was rated from o to 4,
and 100 consecutive cell ratings added to give a total score for any blood sample, normal
subjects were found to have scores ranging from 14 to 100. Scores much above this range
were found in leukaemoid reactions, pyogenic infections and non-leukaemic myeloproli-
ferative states, while in chronic granulocytic leukaemia the scores were almost invariably
well below normal.

The superior sensitivity and reliability of the method as compared with the Gomori—
Takamatsu technique and the biochemical studies of mixed cell populations revealed
further new data.

Repeated scores in chronic granulocytic leuk ia showed a tendency in remitting
cases for the leucocyte phosphatase level to return towards the normal range. The change
was not invariable, but occurred in most cases. In very full remission an occasional high
normal score was found, but such a reversion is rare, the enzyme activity in remission
being usually near or within the lower range of normal.

In chronic Iymphocytic leukaemia the neutrophil phosphatase scores were always within
or above the normal range, while in lymphosarcoma and reticulum cell sarcoma normal
or low scores were found. In Hodgkin's disease enzyme activity was always increased
during relapse, though returning towards normal in phases of remission.

Studies of acute lenkaemia currently in progress show high neutrophil alkaline phos-
phatase levels in lymphoblastic leukaemia, very Jow levels in myeloblastic lenkaemia, and
intermediate scores in monocytic and myelomonocytic leukaemias.

The value of cytochemical phosphatase scoring in differential diagnosis is obvious and
its relevance to the concept of myeloproliferative disease (Mitus ¢f al., 19585} will be
discussed in Chapter 16, but the fundamental significance of the enzyme variations in
leukaemia remains to be determined.

Illustrative fields from alkaline phosphatase preparations in the different varieties of
leukaemia are shown in Plates XV and XVI.

Studies of the acid enzyme have not yet given consistent or contributory results.

Other enzyme systems d rable hi hemically. Histochemical methods
have been developed for the cellular characterization of several other enzymes. These
include 3-nucleotidase, an enzyme capable of hydrolysing nucleotides such as muscle
adenylic acid (Wathstein and Meisel, 1952}, glucose-6-phosphatase (Chiqueine, 1953),

pecific Jeucocytic (Gomori, 1953), acetylcholine-esterase (Zajicek, Sylven
and Datta, 7954) and beta glucuronidase (Seligman ef al., 1954). The capacity of these
methods to elucidate patterns of enzyme distribution within leucacytes has not yet f)e_en
fully explored, and the results so far reported do not reveal any unusual leucocytic activity
in leukaemia, but further investigation with these and similar techniques may prove

itful.

inéytockemistry of inarganic elements. Numerous methods exist for the intracellular
demonstration of metals, including iron, calcium, copper, zinc, potassium, lead, bisrn'uth,
mercury, and many others, and also for such salts as phosphates, carbona_tcs and chlorides.
The available techniques are described and reviewed by Lison (1953), Glick (1949), Pearse
mori (1952) in their texts. Relatively little has been reported on leucocytic
either because the methods have proved unsatisfactory for use
or because leucocytes do not contain readily de-

(1953) and Gomo
metal cytochemistry,
with blood and bone-marrow smears,
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peripheral blood being negative. When individual cell positivity was rated from o to 4,
and 100 consecutive cell ratings added to give a total score for any blood sample, normal
subjects were found to have scores ranging from 14 to 100. Scores much above this range
were found in leukaemoid reactions, pyogenic infections and non-leukaemic myeloproli-
ferative states, while in chronic granulocytic leukaemia the scores were almost invariably
well below normal.

‘The superior sensitivity and reliability of the method as compared with the Gomorie
Takamatsu technique and the biochemical studies of mixed cell populations revealed
further new data.

Repeated scores in chronic granulocytic lenkaemia showed a tendency in remitting
cases for the leucocyte phosphatase level to return towards the normal range. The change
was not invariable, but occurred in most cases. In very full remission an occasional high
normal score was found, but such a reversion is rare, the enzyme activity in remission
being usually near or within the lower range of normal.

In chronic lymphocytic leukaemia the neutrophil phosphatase scores were always within
or above the normal range, while in lymphosarcoma and reticulum cell sarcoma normal
or low scores were found. In Hodgkin's disease enzyme activity was always increased
during relapse, though returning towards normal in phases of remission.

Studies of acute leukaemia currently in progress show high neutrophil alkaline phos-
phatase levels in lymphoblastic lenkaemia, very low levels in myeloblastic leukaemia, and
intermediate scores in monocytic and myelomonocytic Jeukaemias.

The value of cytochemical phosphatase scoring in differential diagnosis is obvious and .
its relevance to the concept of myeloproliferative disease (Mitus ef al., 19585} will be
discussed in Chapter 16, but the fundamental significance of the enzyme variations in
lenkaemia remains to be determined.

Tlustrative fields from alkaline phosphatase preparations in the different varieties of
leukaemia are shown in Plates XV and XVI.

Studies of the acid enzyme have not yet given consistent or contributory results.

Other enzyme sy d trable hi 1 ically. Histochemical methods
have been developed for the cellular characterization of several other enzymes. These
include 5-nuclectidase, an enzyme capable of hydrolysing nucleotides such as muscle
adenylic acid (Wathstein and Meisel, 1952), gluicose-6-phosphatase (Chiquoine, 1953),
non-specific lencocytic esterases (Gomord, 1953), acetylcholine-esterase (Zajicek, Sylven
and Datta, 1954) and beta glucuronidase (Seligman ef al., 1954). The capacity of these
methods to elucidate patterns of enzyme distribution within leucocytes has not yet be:en
fully explored, and the results so far reported do not reveal any unusual leucocytic activity
in leukaemia, but further investigation with these and similar techniques may prove

itful.
tm(‘lytochemistry of inorganic elements. Numerous methods exist for the intra_cellular
demonstration of metals, including iron, calcium, copper, zinc, potassium, Jead, b)sm'uth,
mercury, and many others, and also for such salts as phosphates, carbona_tcs and chlorides.
The available techniques are described and reviewed l?y Lison (1953}, Glick (1949}, Pears.e
(1953) and Gomiori (1932) in their texts. Relatively little has been repox_ted on leucocytic
metal cytochemistry, either because the methods have proved unsatxsfa.ctory ['or use
with blood and bone-marrow smears, or because leucocytes do not contain readily de-
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PLATE XVI
ALKALINE PHOSPHATASE REACTION

1.and 2. Acute myecloblastic

leukaena,
(X 600, X 1000)

showing negative polymorphs.

3and 4. Acute lymphoblastic leuhacnua, showing strongly posttive poly-
morphs (X oo, X 1000)

5. Vanably positise polymorphs 1n acute monocytic leukaemua (X 1000)

6. Conspicuously negative polymorphs 1 chronic granulocytic leukaemma
{x 600)

7. Strongly posttive polymorphs i lcukaemon reaction (X 1000)

8and 9. Vanable positiity m polymorphs i chronic lymphocytic leuhaenua,
{ X 600, X 1000)



PLATE XVI

. TN
1s » 4% “ey ;"‘v"' \J(C\ T
Vi @ T PayT R
pae oy by
P a®a ;s NS we
SR

ot

&)

30




~

PLATL XVIL
PHASE-GONTRAST MICROSCOPY (i)

Group of myeloblasts, with vanable numbers of nucleol and scattered
mtochondria from acute myeloblastic leukaemia. At the lower left
corner are two plasma cells, showing darker, eccentric, nuclei.  {x 1800}

A typical group of leukacmic myeloblasts. (x 1800)

. Lymphoblasts, one sho“mg concentration of mitochondna 1n the juxta-
00)

nuclear zone  {x 18

A leukacmic monocyte extending a process round an erythrocyte.
(x 1800)

Juxt: il 1mmaly t (X 1800}

An Auer rod in a leukasmic myeloblast  ( x 1800}

Two monocytes, with much pseudopodia formation, from acute monocytic
leukaemia (X 1800)
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tectable quantities of stainable inorganic substances. Amann and Wolf (1956), however,
reported that satisfactory histochemical staining of zinc and copper in leucocytes could be
achxe\ ed by several methods and this may be a profitable field of study since quantitative

ical assays have disclosed a marked reduction in zinc and copper content of
leukaemic leucocytes (Vallee and Altschule, 1949; Amann and Wolif, 1956).

Phase-contrast mlcro;xcnpy of living leucocytes

The method of phase-contrast microscopy enables the observer to study living cells
under optical conditions good enough to rev eal such intracellular components as nuclear
chromatin, ct nucleoli, mitoch: ia, the centrosome and speclﬁc cytoplasmic
granules in clear detail, and free from artefacts due to fixation and staining. The principle
of the method lies in the conversion of invisible phase changes in light-waves passing
through colourless, unstained objects to visible intensity or amplitude changes. The final
image of a stained object seen through a microscope results from interference between
direct and indirect or diffracted light-rays leaving the object. The direct and diffracted
rays from a colourless object can be made to interfere in a similar way, with the production
of a visible contrasting image, if a fresh phase difference of a quarter of a wavelength is
introduced between them during their passage through the optical system. If a hollow
cone of light from an annular diaphragm in the front focal plane of the substage condenser
is passed through the object, the direct image will form an annulus in the back focal plane
of the objective. At thissite is placed a transparent disc or phase plate, having an annular
groove arranged to coincide with the direct image and of such a depth that the direct rays
emerging from the groove differ from the indirect rays emerging from the remainder
of the phase plate by a newly introduced phase change of the required quarter of a
wavelength,

The ophcal theory upon which the method of phase-contrast microscopy is based is

and calls for elat mathematical treatment (Zernike, 1934, 1942; Frangon,
1952 Osterberg, 1955; Barer, 1956). It would be inappropriate to discuss the optics
further here, except to point out that phase-contrast microscopy appears to provide a
limit of resolution comparable to that of an objective of equivalent numerical aperture
used with ordinary illumination, while, with good contrast, individual particles below the
theoretical limit of resolution may be clearly visible.

PLATE XVIII
PHASE-CONTRAST MICROSCOPY (B)

LA clump of red cell mdudmg a proerythroblast, from the marrow of a patient with
i under ch X 1800)
2. Vanous amilooytes from the marrow 1 chronic ooy ke )

of psendopodia and distortions of cell shape dunng phases of active motility. Nucleoli, cell
granules, and vacuoles are well shown, (X 1800
3. from chronic ia, showing the clear juxta-nuclear area of archo-
plasm among the cytoplasmic granules. (X 1800)
4. An eosinophil polymorph thrusting between neighbounng cells. (X 1800)
" & Large and small lymphocytes from chronic lymphocytio leukaemua, (X 1800)
Mamre small lymphocytes from chronic lymphocytic leukacmia. {x 1800)
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Since the first reports of phase-contrast microscopy of blood and marrow cells (Jones,
19482 and b), many haematologists have used the method to study the structure and move-
ments of living normal and pathological cells. Bessis, who has made extensive contribu-
tions in this field since 1949, has provided a comprehensive series of photographs of phase-
contrast appearances of cells in his excellent monograph ““ Cytology of the blood and blood-
forming organs” (1956) and references to the literature concerning phase-contrast micro-
scopy of leucocytes are to be found in this work and in a recent article by Moeschlin (1957).

Although this method of examination has great advantages over more conventional
techniques in the study of motility and the demonstration of nucleoli, mitochondria and
cytoplasmic granules in normal and leukaemic leucocytes, and although it probably offers
a more satisfactory means of distinguishing leukaemic precursor cells from one another
and from lymphosarcoma cells than did previous methods, phase-contrast microscopy has
not revealed any distinctive or characteristic feature in leukaemic cells. An illustrative
series of photographs is reproduced in Plates XVII and XVIIL.

Supravital staining

A number of stains can be used to demonstrate intracellular cytoplasmic structures in
living leucocytes without causing the immediate death of the cells (Sabin, 1923; Cunning-
ham and Tompkins, 1930; Hetherington, 1936). The stains commonly used for this
purpose include neutral red, which colours vacuoles, Janus green and pinacyanol, which
specifically stain mitochondria, and certain basic dyes such as brilliant cresyl blue and
Nile blue which stain both vacuoles and mitochondria rather less specifically. The com-
bination of dyes chosen, usually neutral red and either Janus green or pinacyanol, is made
up in varying proportions in absolute alcohol, spread on very clean glass slides and allowed
to dry so that a uniform layer of dye covers the slide surface. The need for varying pro-
portions of the dyes arises from the toxicity of the mitochondrial stains; too much re.add.y
kills the cell, while staining does not occur at all until an almost lethal concentration 1s
present. A drop of blood placed on a clean coverslip is inverted on each of a serjes of
prepared slides, the coverslip edges are sealed with paraffin and the cells examined after
about twenty minutes, preferably on a warm stage. Full descriptions of techniques for
the preparation and ination of speci and of the appearances o_i leuco-
cytes stained supravitally, have been given by Whitby and Hynes (1936), Cunningham
and Tompkins (1938}, Schwind (1950) and Bessis (1956).

The eatlier workers, before the introduction of phase-contrast microscopy, regarded
supravital staining as a major step forward, and gave detailed descriptions of §up_posedlY
characteristic arrangements of neutral red vacuoles and mitochondria, classifying anfi
differentiating cells according to the numbers and distribution of these bodies. No speci-
fically leukaemic features were described, but the method was thought to offer a clear
distinction between myeloblasts, blasts and lymphoblasts. Hall (19.38),' from an
extensive critical study, concluded that this and many other claims were unjustified, and
although Schwind (1950) believed that the methods employed by Hall were technically
unsatisfactory, he agreed that supravital staining.was only rarely of value in differentiating
primitive mononuclear cells, With the ayallabﬂxty of phase-contrast microscopy for the
study of cytoplasmic organoids, little use is now made of the supravital stains except as an
occasional adjunct to phase-contrast examination.
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Electron microscopy

The electron microscope, in which rays of electrons, controlled by a series of ““ condenser”
*objective” and " ocular” electrostatic and magnetic lenses, traverse the object and form
an image on a photographic plate or fluorescent screen, has a resolving power more than
a hundred times that of the conventional light microscope. The system presents several
special problems, however, when attempts are made to use it for the study of cell structure.
Perhaps the most important of these arises from the rapid fall in velocity of the electrons
as they penetrate the object, so that objects more than 0-2 u in thickness prove impene-
trable. A second major difficulty is the need for cells to be dried before they can be
examined, since electrons fail to travel in straight lines unless in a vacuum. Thirdly,
contrast in the final image is dependent upon density differences in neighbouring parts
of the object, and in most cells these differences are small. Methods of accentuating small
density differences, by varying the electron velocity or by metallic impregnation or
shadowing of the object, have therefore been the subject of much study.

The ways in which these problems have been overcome, and the results of subsequent
study of blood and bone-marrow cells, have been fully reviewed by Bessis (1956, 1957).
Objects of suitable thick can be obtained by ging the sp tend
to spread thinly over a supporting surface manifested by some cells, by mechanical disrup-
tion of other cells with release of cytoplasmic constituents, by partial enzymatic digestion
of cell contents, or, most satisfactorily, by techniques developed since 1953 for cutting
sections between 0-0zp and o-Ip in thickness (Porter and Blum, 1953; Kautz and
Marsh, 1954; Pease, 1955).

Despite the great power of electron microscopy in demonstrating cellular constituents
below the range of light microscopes, the results of its application in the field of leucocytic
structure and leukaemia have hitherto been rather disappointing. In experimental lenk-
aemia in AK mice, Dalton and associates (1930) and Gross, McCarty and Cohen (1952}
described the presence of possible virus particles after destruction of the cell, and Bessis
and Thiery (1935 and b), using the thin-section technique, found many cytoplasmic
granules of uncertain nature, In cells from human leukaemias no such particles have been
detected. Bessis (1957) claimed to have found certain microcrystals, perhaps related to
the Auer bodies visible in ordinary microscopic preparations, but of a very much smaller
size. He also noted crescentic clear zones, up to 1p by 3p in size, of filamentous or
regularly granular constitution, but clearly distinguished from the denser surrounding
cytoplasm. These formations were observed in 3 to 30 per cent of leukaemic myeloblasts
and promyelocytes, but did not occur in later granulocytes or in cells of other series.
Bessis thought these zones to be areas of cytoplasmic degeneration, perhaps related to the
** degenerative zones” observed in some cells affected by virus (Koprowski, 1956). The

existence of these areas in leukaemic myeloblasts has not yet been confirmed by other
workers, Bessis (1957) has also recorded the observation of short rods 1 to I-5  in length
and about 0-2 p across among the mitochondria in leuk ic 1 hoblasts and lympho-
cytes subjected to crushing. They are unlike Auer bodies or myeloblastic microcrystals
and appear to be formed during the process of grinding. Bessis observed similar bodies in
a plasmacytoma, but never in normal cells or leu} ic myelobl or bl This
obsetvation also awaits confirmation. Further studies on submicroscopic degenerations
in leukaemic cells and on the possible existence of virus-like particles in human as well as
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mouse and fowl leukaemias are being actively pursued at present {Dmochowski and Grey,
1958).
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CHAPTER 6
THE LEUKAEMIC CELL

11, Blochemistry and Metaboli

TiE cytochemical techuiques discussed in the last chaptes provide valvable information
on the intracellular localization of many cell constituents. The methods are not for the
most part strictly quantitative and allow only rough pari between the 4
chemical and enzymatic properties of normal and pathological cells. Quantitative studies
of leucocyte biochemistry, carried out an separated cell populations, supplement the
cytochemical data, but suffer from the disadvantages inherent in studies of large numbers
of cells treated as a unit, namely, that the populations rarely consist of a single cell type
without contamination with others, and differing activities among members of the same
cell type in a given population cannot be appreciated. For each hiochamical assay there
are, of course, iunher Emblems differences between the artificial sn ¢itro test system and
probable in vive actlv:(y inactivation of cell constituents during separation and extrac-
tion;mneettainties about pH optima for en: &hc processes i vize; and so forth. Never-
theless, much TifoTmation has already been g;unmhﬂpphmtmn‘of these methods,
and in the present chapter this information and its interpretation will be discussed.

The leukaemic process may be considered within the general context of all proliferative
and neoplnsnc smtcs, whose biochemistry has been actively studied in recent decades,
and to data ob d from the study of salid tumours may be relevant
to paraliel investigations in lenkaemia, Excellent surveys of the wide field of cancer
biochemistry are to be found in the monographs of Stern and Willheim {1g43), Greenstein
(1934} and Cowdry {1955). The ease with which samples of leucocytes can be obtained
repeatedly without risk to the patient enables biochemical studies of these cells to be
carried aut in man, and the specimiens abtained, ammugh not made up of pure cell lines,
can be simply il d by total and i ial lewcocyte counts, and the component
cell types can be more completely separated by centrifagation and other means than is
possible with the cells of most solid tumours. The Jeucocytes are therefore especially well
suited to this form of biochemical investigation, and much work has been done on both

leukaemic and non-leukaemic pathological states. Aspects of this work have been reviewed
by Valentine (1956}).

Protein and nucleoprotein metabolism

Gross changes in the general protein position of leul ic or lastic cells are
scarcely to be exp 4, since grossly ab 1 cells would be unhkely to syrvive and
wultiply. Nevertheless, there can be little dtmbt that chazzges in the chamcter and rate
of growth of & ic lencacytes ate d with ions in the isms of
‘protein metabolism, involving perhaps diff h taboli

i
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P , altered ic activity with changes in substrates and reaction products,
and possibly small but important changes in the internal structure of the protein mole-
cules (Rondoni, 1955; Haddow, 1955). Aspects of protein metabolism in leukaemia which
have been extensively studied include the general patterns of plasma proteins in difierent
forms of the discase, the distribution, functions and utilization of amino acids, the special
importance of sulphydryl compounds, the activity of enaymes concerned with amine and
metabolism, alterations of DNA and RNA in leukaemic Jeucocytes, changes in folic acid
and citrovorum factor activity, and problems of uric acid metabolism,

The plasma proteins in leukaemia. Extensive study of total protein levels in the
plasma or serum, and search for anomalies in component fractions separated by electro-
phoresis, have revealed no consistent or characteristic changes in any form of leukaemia.
Essentially similar findings have been reported by Brown and his associates {1948},
Petermann, Karnofsky and Hogness (1948), Rundles, Coonrad and Arends {(1g34), Creyssel
and his colleagues (1957) and many other workers.

In acute leukaemias the total amount of serum protein is normal or slightly diminished,
while electrophoretic patterns show much variability, though of minor degree. The
commonest abnormalities are reduction in the albumin fraction and increases in different
globulin constituents, chiefly alpha, and alpha, globulins and gamma globulins. Fibrino-
gen levels in plasma remain usually within the normal range. These changes have geverally
been most marked in states of severe relapse and are probably non-specific responses o

infection and hepatic invol , although Franzini, C i and Perone (1935)
found protcin anomalies more common in monocytic than in other forms of acute leukaemx:a
and believed that a specific predisposition towards dysprotei ia might exist in this
variety of the disease.

In chronic granulocytic leukaemia the patterns observed have closely resernbled those
of the acute leukaernias and the minor abnormalities appear to be attributable to the same
non-specific factors, being most prominent in advanced states of disease, with intercurreat
infections and probable infiltration of the liver,

The serum proteins in chronic lymphocytic leukaemia may show more striking variations
from normal than are seen in other forms of leukaemia. This is to be expected in view of
the close relationship of lymphocytes to plasma cells and other cellular components of the
lymphoid and reticulo-endothelial system, with their proboble functions in elaborating
antibodies and other globulins. Nevertheless, no copsistent abpormalities of electro~
phoretic protein patterns occur, the majority of patients with clinicolly mild chronic
lymphocytic leuk iz showing no diff from normal. At later stages of the discase
a marked increase in gamma globulins may be found, or there may be conspicuous hyp0~
gammaglobulinaemia. Figures given in the published reports quoted above differ widely
as to the relative incidence of conspicuous gamma globulin abnormalities, but the discrep-
ancies probably depend upon the proportion of patients in advanced or terminal stages
studied by the different groups of observers, and it appears very likely that 50 per cent
or more of patients in the later stages of the disease come to manifest significant changes
in gamma globulin levels, . . L 3

Fuorther, much less common, protein abuOmahm:s' sometimes occurring in chronic
tymphocytic leukaemia involve the production of atypical plasma globulins quite unlike
those nonmally produced. They include globulins resembling those often found in multiple
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and Poncher, 1952; Kelley and Waisman, 1957). An increase in glutamic acid, phenyl-
alanine, tyrosine and isoleucine was found in the plasma of patients with acute leukaemia.
Chronic myeloid and lymphatic leukaemias were associated with raised levels of plasma
glutamic acid, phenylalanine, alanine and proline, but not of tyrosine or leucine. Dimin-
ished levels of asparagine and threonine were found in acute leukaemias, and a Jow mean
level for arginine occurred in chronic myeloid leukaemia, Al these diff were slight,
though regarded by the authors as significant. In some cases they were increased and in
others reduced during treatment,

There is little evidence of any consistent abnormality of urinary amino acid excretion
in leukaemia. Nour-Eldin and Witkinson (19558) reported values within the normal range,
and Waisman, Pastel and Poncher {1952} did not find the elevated plasma tyrosine
levels in leukaemia to be reflected in increased urinary tyrosine excretion. Awapara
{2957} has, however, detected B-aminoisobutyric acid in the urine of each of a sex;iss

of leukaemic patients, whereas this amino acid is not ¢ iy ted in d
amounts by normal subjects. There is evidence that -aminoisobutyric acid may be
the end-product of thymine catabolism, and its i d excretion in leukaemia could

therefore result from a high rate of DNA catabolism. A sharp rse in urinary Ieve%s
of this acid after antimitotic therapy, observed in several cases, lends support to this
hypothesis.

Sulphydry! compounds, Chromatograms of lymphocytic, granulocytic and plat'clet
amino acids regularly showed an inverse relationship between the quantities of glutathione
and cysteine or cysteinylglycine {(Rouser, x957). Unfortunately the literature on Jeucocytic
glutathione (GSH) is difficult to interpret and compare because different methods of assay
appear to have given discrepant results. Contopoulos and Anderson (1950), using an
iodometric method, found high concentrations of GSH in acute Jeukaemia and in botk
chronic lymphocytic and granuloeytic leukaemia. The highest Jevels were found wi}h the
most immature cell populations and appeared to paralilel the malignancy of the disease.
In leucopenic and aplastic states levels of GSH were low. The changes in GSH concentra-
tion did not, however, show any clear relationship to the total leucocyte count, With
successful specific therapy the raised GSH levels in leukaemia returned towards norma\'l.
Other investigators have usually found elevated GSH values in chranic gramf!ocytxc
leukaemia, but there is less agreement over the levels present in acute 1eukaemm§ and
chronic lymphocytic lenkaemias (Platt, 1931; Weil, Aschkenasy and Capfon, 1939; Bichel,
1946; Hardin ¢f al., 1954; Green and Martin 1955). Hardin and his asspcmtes, fof examplg,
using a nitroprusside assay method, found GSH levels normal or {ncreased in Fhromc
myclocytic leukaemia, normal or slightly decreased in acute leukaemias, and consistently
below normal in chironic lymphocytic leukaemia. The levels were unatfected by therapy.
Differences in method may perhaps explain the conflicting results. . B

In a series of papers Weisberger and his associates have drawn attention to the especially
important role of the sulphydryl amino acid L-cysteine in the metabolism of lefxcocytes
(Weisberger and Heinle, 1950; Weisberger and Levine, 1952, 19540 and &; Weisherger,
Suhrland and Seifter, 2956; Weisberger, 1057). The severe leukopenia normally mc'lucc.d
by nitrogen mustard is medified by previous adm.mvnstx?twn of L-cysteine. Protection is
not given by L-cysteine administered after the injection of nitrogen mustard, nos by

giver inistered D- ine, and the closely apposed sulphydryl, amino and car-

P &4
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boxy! groups of L-cysteine appear to confer a structural specificity essential for the
protective effoct.
H

|
H——C—sH

H—C— X1,

€ooH
Fig. 8, L-Cysteine

Many compounds with structures related 1o r-cysteine have been tested for their ability
to modify nit 2 induced leyk penia, apd removal, alteration, substitution or
Ieorientation of any of the three reactive sulphydryl, amino and carboxyl groups results
in foss of the pratective action, Apart from L-cysteine, the only compounds found to
€xert a protective influence are homocysteine and glutathione,
. Studies with S¥.[abelled radioactive L-cystine showed that this amino acid was rapidly
ncorporated intg leucocytes and that the leucocytes of acute leukaemia and of chronic
) i2 exhibited greatly j d avidity, taking Up as muck L-cystine in
20 minutes as norma) leacacytes did in 48 hours, The cells of chronic Iymphocytic leuk-

ted to 1-cystine anq may be simply 2 manifestation of the general increase in
ic activities cfy istic of i cells. Thaus, Baker, Zamecnik and Stephen-
son (1957) demonstrated that white blood cells from patients with chronic myeloid leuk-
Acmia were able tg incorporate significantly greater amounts of C1-py Jeycine into proteins
U tilro than did norma) leucocytes. They regarded this finding as a reflection of cell
immaturity anq profiferation, Nevertheless, the Protective action of L-cystine against the
induction of ley) 'penia by nit. g warrants particular interest in its metabol-
ism. lfloreover, lack of Cysteine or cystine in the diet leads to the development of leuko-
Penia in experimental animals {Dinaing, Payne and Day. 1950} and reduces the incidence
of leuszemm (White, \White and Mider, 1947), while granulocytes cultured 1 vitro on
Symhemf media deficient ig either L-cysteine or L-cystine rapidly degenerate (Baldini and
Sau:hel'n, 1953). The importance of this amino acid in leucacyte metabolism is further

N2Zymes concerned with amino acig metabolism. Nour-Eldin ang Wilkinson
(2955a) found high levels of glutamic acid in the cells from acute leukaemia, and Rouser
(X957). alsa recorded variable increases in plasma glutamic and aspartic acids in acute and
d“f’mc lymphocyu:c Ieukaemia, Twoof the enzymes concemned with glutamic acid meta-

" debydrog and glutami lacetic acid t inase, have been
studied manometrically by Waisman and associates {Waisman, Monder and Williams,
1'95_6; Waismap, 1957}). Cells from acute and chronic leukaemias of every cytological
Variety showed dehydrogenase activity about four times as hivh as nvene - Pa T 0 Sere
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and Poncher, 1952; Kelley and Waisman, 1957). An increase in glutamic acid, phenyl-
alanine, tyrosine and isoleucine was found in the plasma of patients with acute leukaemia.
Chronic myeloid and lymphatic leukaemias were associated with raised levels of plasma
glutamic acid, phenylalanine, alanine and proline, but not of tyrosine or leucine. Dimin-
ished levels of asparagine and threonine were found in acute leukaemias, and a low mean
level for arginine occurred in chronic myeloid leukaemia. All these diff were slight,
though regarded by the authors as significant. In some cases they were increased and in
others reduced during treatment.

There is little evidence of any consistent abnormality of urinary amino acid excretion
inleukaemia, Nour-Eldin and Wilkinson (1955b) reported values within the normal range,
and Waisman, Pastel and Poncher (1952) did not find the elevated plasma tyrosine
levels in leukaemia to be reflected in increased urinary tyrosine excretion. Awapara
(1957) has, however, detected p-aminoisobutyric acid in the urine of each of a series
of Jeukaemic patients, whereas this amino acid is not commonly excreted in detectable
amounts by normal subjects. There is evidence that B-aminoisobutyric acid may be
the end-product of thymine catabolism, and its increased excretion in leukaemia could
therefore result from a high rate of DNA catabolism. A sharp rise in urinary Ieve!s
of this acid after antimitotic therapy, observed in several cases, lends support to this
hypothesis.

Sulphydryl compounds. Chromatograms of lymphocytic, granulocytic and plat_elet
amino acids regularly showed an inverse relationship between the quantities of glutathxoxfe
and cysteine or cysteinylglycine (Rouser, 1957). Unfortunately the literature on leucocytic
glutathione (GSH) is difficult to interpret and compare because different methods of assay
appear to have given discrepant results. Contopoulos and Anderson (1950), using an
iodometric method, found high concentrations of GSH in acute leukaemia and in both
chronic lymphocytic and granulocytic leukaemia. The highest levels were found w1_th the
most immature cell populations and appeared to parallel the malignancy of the disease.
In leucopenic and aplastic states levels of GSH were low. The changes in GSH concentra-
tion did not, however, show any clear relationship to the total leucocyte count. With
successful specific therapy the raised GSH levels in leukaemia retuned towards norma'l.
Other investigators have usually found elevated GSH values in chronic gram%locyhc
leukaemia, but there is less agreement over the levels present in acute leukaemias and
chronic lymphocytic leukaemias (Platt, 1931; Weil, Aschkenasy and Cagron, 1939; Bichel,
1946; Hardin ef al., 1954 ; Green and Martin 1955). Hardin and his associates, fz)f examp1.e,
using a nitroprusside assay method, found GSH levels normal or i.m:reased in Fhronlc
myelocytic leukaemia, normal or slightly decreased in acute leukaemias, and consistently
below normal in chronic lymphocytic leukaemia. The levels were unaffected by therapy.
Differences in method may perhaps explain the conflicting results. X

In a series of papers Weisberger and his associates have drawn attentim'l to the especially
important role of the sulphydryl amino acid L-cysteine in the metabolism of Ie}xcocytes
(Weisberger and Heinle, 1950; Weisberger and Levine, 1952, 1954a'and b; \ch§bergc1:i
Suhrland and Seifter, 1956; Weisberger, 1957)- The‘ severe leukopenia 'norma.ﬂy mc]ucc.
by nitrogen mustard is modified by previous administration of L-cysteine. Protection is
not given by L-cysteine administered after the injection of :]xt;]osen lmUSt?rd':ux:;rc:r)-,
previously administered D-cysteine, and the closely apposed sulphydryl, amino
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although large numbers of units are probably involved in a chain-like union. Patterns
for the molecular structure of nucleic acids have been proposed by Watson and Crick
(19334 and b) and Feughelman ¢ al. {1955) on cxperimental data summarized by Wilkins

{1957). Both DNA and RNA contain chemically d rable 3’5’-phosphodic
NH oH
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gkages, while physical stadies have shown that nucleic acid molecules are long thread-
Fi; sItmctures. A section of a single nucleotide chain may therefore be represented as in
- T0.

rFmﬁfe' analysis of DNA has demonstrated that adenine and thymine occur in equal
Proportions, as do guanine and cytosine, suggesting that the bases occur in pairs, a
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was considerable variation in enzyme activity within each group of patients. A similar
increase was shown by the leucocytes of patients with cancer but not by the white cells
in non-cancerous diseases. For any individual patient the glutamic acid dehydrogenase
activity of the leucocytes did not fluctuate with changes in the total white cell count and
was usually unaffected by therapy. Patientsin complete haematological remission do not, *
however, appear to have been studied, and it is possible that the enzyme level may return
to normal in such cases, since in one patient with chronic myeloid leukaemia described by
Waisman (1957) there was a sharp fall in dehydrogenase activity at a time when sub-
stantial remission had been induced by oxapentamethylenediethylenethiophosphoramide,
although earlier courses of myleran (busulphan), X-ray, and nitrogen mustard, which had
been less effective clinically, produced no enzyme decrease. Estimations of glutamic
oxalacetic transaminase in leucocytes and plasma from 29 cases of leukaemia of different
types showed values within the normal range and the levels were unchanged by chemo-
therapy or X-irradiation.

The synthesis and nature of DNA and RNA in leukaemic leucocytes. The
capacity of leukaemic cells to proliferate rapidly with the formation of much new protein,
and the probability that at least some forms of leukaemia arise by genetic alteration or
mutation from existing normal leucocyte precursors, draw attention particularly to nucleic
acid content and metabolism in leukaemic leucocytes. A wealth of evidence leaves no
doubt that both DNA and RNA are of major importance in protein synthesis and in cell
division and hereditary transmission, Researches in this field have been widely reviewed
by Brachet (1957). DNA is chiefly concerned with genetic mechanisms, whereas RNA
plays an essential part in protein synthesis, and it would not be unreasonable to expect
abnormalities of both DNA and RNA to be present in leukaemic cells. Extensive studies
have therefore been made of the nucleic acids, their purine and pyrimidine bases, and the
precursor substances and enzyme sy involved in their biosynthesis in normal and
leukaemic leucocytes. The normal pathways of nucleic acid synthesis are unfortunately
extremely complex, but since differences are known or suspected to exist in t}fc uptalfe of
various precursors in normal and leukaemic cells, and since many anti-leukaemic chemicals
exert their effect by metabolic antagonism at points along the biosynthetic path'way, a
brief description of the major steps at present believed to occur normally during thF
process of nucleic acid formation is a necessary preliminary to discussion of the experi-
mental findings in leukaemia. .

Nucleic acids are made up of purine and pyrimidine bases, a sugar, probably ribose or
deoxyribose, and phosphoric acid. Both DNA and RNA contain the purine bases ;}denme
and gnanine. Both types of nucleic acid also contain the pyrimidine base cyt:osme agd
in addition DNA contains thymine and 5-methyl cytosine, while RNA contains uracil.
The sugar component of RNA derived from a variety of tissucs has been shown to be
D-ribose, and that of DNA is almost certainly deoxyribose. The structural formulae of
all these compounds are shown in Fig. 9. Condensation of puriqe or pynmlgxne bases ‘Yxth
ribose or deoxyribose results in the formation of the nucleosides ade
cytidine, 5-methyl cytidine, uridine and thymidine, and phosphorylation of these l‘imde?d-
sides produces the nucleotides adenylic acid, guanylic acid, cytidylic acid, vridylic aci

an_i‘_s: Svty in which nucleotides are built up to form nucleic acids is still uncertain,
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protein synthesis and as lates d ining the seq of amino acids in the poly-
peptide chain. General references to the many aspects of nucleoprotein activity and
metabolism may be found in The Biochemistry of the Nucleie Acids, by Davidsen {1956},
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Fro. 53. Tentative scheme of pusine nucleotide blosynthesis.

The Nucleic Acids, edited by Chargoff and Davidson {1935), and The Structure of Nucleic
Acids and their Role in Protein Synthesis, edited by Crook (xg57).
Enongh has been s.'ud however, 101 make it clear that comparative studies of normal
d 1 cell may be concerned with the d¢ nove synthesis
of punne and pynmxdme nucleotides, the utilization of exogenous bases, and the source
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suggestion gaining additional support from experiments showing a high level of hydrogen
bending between bases within the molecule, The architectural models of Watson and
Crick and Feughelman and his associates provide a general explanation for all these
findings, by assuming the existence in the DNA molecule of twvo polynucleotide chains,
helically coiled around a common axial core, and held together by hydrogen bonds between
base pairs, a purine base in one chain being linked with 2 pyrimidine base in the other

B w Dsaxgritore
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Fzg. 10, 3. 5'-phospho- F16, 11. Postulated stroe-
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therucieotide thain, molecnle,

(Fig. 13). X-ray diffraction and viscosity studies have given general support to this

hypothesis. . . ) o
‘The RNA molecule does not show eviden ce of base-pairing as in DNA and no reasonable
molecular structure has yet been put forward. Moreover, the mode oflcombmatx'on of both
DNA and RNA with proteins to form nucleoprotei oneertain, except in She case
of deoxyribose nucleoprotamine, for which an elegant structure has been determined by
Feughelman ¢ al. {1935}, The chemical details of nucleoprotein structuse, both 'kncwn
i, are beyond the scope of this chapter, as are the theories concerning the

jectural 3 cerm h
:nn;:o:i] eat:titm of nucleic acids as energy sources for the formation of peptide links in
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tein synthesis and as templates determining the seq of amino acids in the poly-
g:;é:i‘:: gh:xin. General references to the many aspects of nucleoprotein activity and
wetabolism may be found in The Biochemistry of the Nucleie Acids, by Davidson (x956),
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Fro. 12. Tentative schewe of purine aucleotide Bosynthesis.
The Nucleic Acids, edited by Chargoff and Davidson {1955), and The Structure of Nucleic
Acids and their Role in Protein Synthesis, edited by Crook (1g57).

Enough has been said, however, to make it clear that comparative studies of normal
and leukaemic cell nucleoprotein metabolism may be concerned with the de novo synthesis
of purine and pyrimidi leoti i

the utili of bases, and the source
"
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of the ribose component, as well as the mechanism of linkage of these units into the poly-
nucleotide chain and the final biosynthesis of nucleic acids and nucleoproteins,

Synthesis of purine and pyrimidine nucleotides de novo. All mammalian tissues
studied are able to synthesize purine nucleotides from simple precursors, a capacity
demonstrable in vifro with tissue slices and cell suspensions (Balis and Dancis, 1955;
Le Page, 1953). Among the cells tested and shown to possess this ability are leucocytes
(Hamilton, 1953). The multiple steps involved in the synthetic process are probably alike
in most tissues and the results of numerous experimental investigations are incorporated
in the tentative synthetic scheme given in Fig. 12.

The biosynthesis of pyrimidines has been less fully elucidated. A possible route of
synthesis of the pyrimidine nucleotides uridine, thymidine and cytidine is shown in
Fig. 13.

OH
<.
NK, HHCONH, W
cop Wty TR s | — —
HOOCCHCH,COOH HooCCHEH cooH WSy, _EHEOOH
Leaspartic weid Leveeldosuceinie N
ald L-dihyéroorotic agid

OH
C.
NZ e
OROTIDINE-5'-P  #— pyrinidine nucleotide pyrophorphorylase — | 1
CCOOH
. e N
orotidylic
decarborylase orotic acid
l URIDINE  dF 4 triphosphates
o ATP
UR1IDINE-5-P —NM—. CYTIDINE  di & triphosphates
3

oEoKvURIOING —2F > THrMiDINE
formate

Fic, 13, Tentative scheme of pyrimidi:

Utilization of exogenous bases. The biosynthetic processes outlined in Figs. 12 and
13 show that, according to the experimental evidence available at present, free purines
and pyrimidines are not formed in vivo, the base ring structure being completed after iltilzle
incorporation of phosphate and ribose. Nevexth?less, most t.xssues are able to utilize
supplies of exogenous bases by a hitherto unexplained xg:echamsm which supplemen}t}s or
by-passes the native process of synthesis from small units. Brown and Roll (xgss)ﬁﬁa:;e
outlined the alternative pathways of nucleotide formation in the following, very simplified,

. 14)- i
ion’l‘lll;e s(gegme“i)ndicates that exogenously supplied adenine may be converted into poly-
nucleotide guanine and vice versa, since these tra'ns(onnath_xs are known to occur in
bacterial metabolism and probably also take place in mamr{xahan tissues. N rted

The source of the ribose component. The steps by which glucose may be conve;

.
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e t nephat

to D- -5-phosp have been blished (Dickens, 1953} Eemstejn. 1953;
Horecker and Mchler, 1953). Two alternative pathways may be followed, one m_\‘nl\_rmg
a series of & ketolase~tr 1dol i and the other a process of oxxdnnm:x,
decarboxylation and reductfon starting from glucase-6-phosphate and 6-phosphoglaco
acid. The individual steps in ribose--phosphate synthesis will not be further detailed
here, since there is no evidence that they are altered in leukaemia and they are not subject
to anti bolic b therapeutic interference. Nevertheless, the need for ribose-5-
phosphate from the earliest stages onwards in the synthesis of nucleotides provides an
impartant link between the increased formation of nuclelc acids and the changes in leuco-
cyte glycolysis and respiration which occur in lenkaemia. The possibility bas been con-
sidered {Goldthwait, 1957) that increased conversion of glucose to 1ibose-5-phosphate may
provide the primary driving force in nucleotide synthesis. )
Formation of polynucleotide chalns. The Jater stages in polynucleotide biosynthesis
are imperfectly unds d, and the relationship of DNA and RNA formation is uncertain.

Exeganous
adenise

“Actve™ Palynuclsatide
‘//a dering T denine
)

nalf Intomplete Cammon
molecules™ " gurag invermadiary 1
wY by
Active’ Polynuclectide
Fuanine > guann
Excgenous /
gtning
F1o. 14.

Reduction of ribose and methylation of uracil into thymine would enable a transformatiosn
from RNA to DNA to take place, but it is unlikely that such conversion plays any major
part in DNA formation, and most recent experimental work supports the view that DNA
and RNA are independently synthesized from low molecular weight precursors {Brachet,
1957}

At lities of nuck oteln in Jeuk i

Quantitative studies on the content of DNA and RNA in lenkaemic cells from blood
and bone marrow as compared with normal cells have been carried out by several in-
vestigators. Metais and Mandel {1950} found no significant difference in content of DNA
phosphorus {DNAP) between normal and feukaemic leucocytes. Davidson, Leslie and
White {1931} confirmed this observation regarding DNAP and found that cell RNAP
fevels in leukaemic marrow were also not significantly different from those in normal
mamow. The authors found this surprising in view of the rich cytoplasmic basophilia,
remnavable by ribonuclease, in most primitive cells, but they noted that the mean RNAP
per eell for peripheral-blood lencocytes was significantly fower than the corresponding
mean for marrow cells both in normal and in the leukaemic series, and that levkaemic
peripheral blood, with its increased proportion of immature cells, showed a significantly
higher mean cell RNAP than was found in notmal peripheral blood, Studies by other
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of the ribose component, as well as the mechanism of linkage of these units into the poly-
nucleotide chain and the final biosynthesis of nucleic acids and nucleoproteins.

Synthesis of purine and pyrimidine nucleotides de nove. Al mammalian tissues
studied are able to synthesize purine nucleotides from simple precursors, a capacity
demonstrable i1 vitro with tissue slices and cell suspensions (Balis and Dancis, 1055;
Le Page, 1953). Among the cells tested and shown to possess this ability are leucocytes
(Hamilton, 1953). The multiple steps involved in the synthetic process are probably alike
in most tissues and the results of numerous experimental investigations are incorporated
in the tentative synthetic scheme given in Fig. 12.

The biosynthesis of pyrimidines has been less fully elucidated. A possible route of
synthesis of the pyrimidine nucleotides uridine, thymidine and cytidine is shown in
Fig. 13.
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Utilization of exogenous bases. The biosynthetic processes outlined in Figs. 12 and
13 show that, according to the experimental evidence available at present, free purines
and pyrimidines are not formed in vivo, the base ring structure being completed after the
incorporation of phosphate and ribose. Nevertheless, most tissues are able‘ to ut‘xllze
supplies of exogenous bases by a hither'to plained v h which supp . 0:
by-passes the native process of synthesis from small units. Brown ar}d Roll (xgjs)ﬁﬁmé
outlined the alternative pathways of nucleotide formation in the following, very simphied,

form. (g 14 tes that exog 1 lied adenine may be converted into poly-

The scheme ind usly supp ; )
nucleotide guanine and vice versa, since these transformations are known to occur in

i tabolism and probably also take place in mamrfmlian tissues.
bafrt;?;laﬁce of the ribose compenent. The steps by which glucose may be converted

.
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\Will, Glazer and Vilter (1957) discussed the possible sole of nucleases and nuclease
inhibitors in leukaemia. The DNAase content of Jeukaemic cells was not different from
normal, but an inhibiter of DNAase was found to be deficient in the cells of acute lenk-
aemia and chronic )ymphahc feukaemia and less markedly deficient in chronic myeloid
Jeukacmia, This deficiency of DNAase was not found in leukaemoid reactions, Jeucocytoses
or myeloid 1 The authors therefore argued that the relatively uninhibited
activity of DNAase in Jeuk ia might be responsible for the i d capacity for
division manifested by lenkaemic cells, since it is possible, though not biochemically
certain, that DNAase may catalyse polymerization as well as depolymerization of DNA.
The DNAase inhibitor studied by Vilter and his associates is not, however, the only
DXN4ase inhibitor known to exxsl. A sepamte inhibitor investigated by Kurnick ef al.

(x953) was present m d amounts in leuk This commdxctory behaviour of
could be. ited with the Jeuk tferation if the first
ibited the postulated poly ion activity of DNAase and ‘the second the depoly-

merization acnvny, but such a concept is purely speculative at present.

Neoplastic and leukacmic cells possess marked capacitics for de nove synthesis of nucleo~
tides, and Balis, Van Praag and Brown {1955) have shown that many tumours incorporate
exogenousty supplied preformed purines to a much smaller extent than do normal intes~
tine, liver, kidney or spleen. Rapidly proliferating normal tissues such as regenerating
liver and bone marrow apparently show a similar preference for the de novo pathway
(Brown and Balis, 1959), S0 that thls characteristic cannot be regardcd as peculiar to

lastic states. The rel to utilize preformed purines applies par-
ticularly to guanine {Bennett ¢ al x955, Balls, Van Praag and Brown, 1955}, and the
difference from normal in this respect is very conspicuous. Skipper (1g57) has presented
evidence that neoplastic cells may be rich in guanine deaminase, which might rapidly
break down guanme before incorporation was possible. \Vhe&her these bicchemical
features exist also in rapidly proliferating but non-leul primitive leucocytes is not
known.

Foile acid and citrovorum factor activity in leukaemia

‘The folic acid-citrovorum factor system is so closely involved in nucleopm(em synthesis
{see Fig. 12, p. 105) that alterations might be expected 10 occur in lcukacoua, and the
clinical response to folic acid ists in acute lenk that the Ieuk
cell s, at least for a time, highly sensitive to deprivation of citrovorum factor {CF).
Swendseid, Bethell and Bird {zg51) found the mean cell levels of CF to be raised in leuk-
aemia, particulatly in acute forms of the disease with many immature cells in the blood.
Ellison and Hutehinson (1957) reported data i general agreement with these findings, an
increase in apparent CF activity being present in Xeucucytes from cases of acute leukaemia
and some terminal ¢ases of chronic leykaemia. The increase in activity conld not be strictly
correlated with the percentage of blast cells § in the peripheral blood and the abnormahty
was presumably present in mature as well as i ture cells. The microbiol i method
used for CF estimation in these experiments, however, measured also th;zmdm& angd
perhaps other unidentified substances, and at least part of the apparent CF activity was
due to the presence of thymidine released by X

Studies of serum Yevels and urinary excretion of o have sho\m na significant difference
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workers using various methods of nucleic acid determination have given roughly com-
parable results (Menten and Willms, 1953; Will, Glazer and Vilter, 1957; Loeb, Wright
and Hall, 1957). The quantity of DNA per cell has been found to be normal or slightly
elevated in acute leukaemia and normal in chronic leukaemias. The small excess of DNA
sometimes found in acute leukacmia is probably due to chromosomal polyploidy, and
haploid leukaemic cells do not differ from haploid normal cells in DNA content. The
cell content of RNA s increased in acute leukaemia and in chronic myeloid leukaemia,
but not apparently in chronic lymphatic leukaemia, and the RNA level falls in response
to successful treatment.

Unfortunately, the range of cell types present invariably in normal and often in leuk-
aemic specimens of blood and bone marrow is wide, and figures for mean ccll nucleic acid
concentrations are relatively uninformative. It scems extremely likely that these bio-
chemical estimates have done no more than confirm the cytological and cytochemical
observations that primitive cells are rich in cytoplasmic and nucleolar RNA, that leuk-
aemia is associated with an increase in primitive cells, most marked in the acute forms of
the disease, and that the precursor cells are reduced in numbers towards normal by
appropriate therapy. The leukaemic myeloblast and promyelocyte is being compared
with the normal granulocytic and erythroblastic cell series in the marrow or with the mature
polymorphonuclear cells and lymphocytes of the normal peripheral blood. Such com-
parisons are of very doubtful value; the leukaemic myeloblast should be compared with
the normal myeloblast, a much more difficult matter until studies can be performed on
isolated cells or uniform cell populations rather than on mixed cell systems.

More valuable information may be derived from studies of the nucleotide constitution
of DNA and RNA in leukaemia, since preliminary analyses suggest the existence of
differences in the relative content of purine and pyrimidine bases in the nucleic acids of
leukaemic as compared with normal cells. Polli and Semenza (1935) found the viscosity
and molecular weight of DNA obtained from leukaemic blood to be abnormal, and
Gavosto and Pileri (1956) noted an abnormal uracil content in leukaemic RNA. Wi}l.
Glazer and Vilter (1957) have also observed increases in pyrimidine and purine bases in
acute leukaemia, with changes in relative proportions of uracil and thymine, marked
increase in cytosine and only slight increase in guanine, To what extent these changes
are due to the high RNA - DNA ratio of primitive cells is uncertain, and once again it must
be emphasized that the normal control findings, with which the figures for leukaemic cells
are compared, have been derived from mixed normal blood and marrow populations a_nd
not from normal precursor cells, However, it is unlikely that the structure of nucleic acids
alters at the same time as the quantitative relationships of RNA and DNA during normal
cell maturation, and mixed cell populations are therefore a little more satisfactory as
control material for qualitative studies of nucleic acid structure than for studies of
RNA:DNA ratios. This difficulty of providing realistic controls applies also to the
promising method of chromatographic nucleotide separation employed by Willoughby and
Waisman (1957). Chromatograms of acid-soluble extracts of whole blood aqd separatc_d
blood components from normal and leukaemic human donors disclosed differences in
ide content of both quantitative and qualitative nature, but the abnormalfractions,
in lenkaemic blood may be characteristic of immaturity rather

nucleot! t
of uncertain identity, found
than leukaemia.
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was not necessarily correlated with the number of circalating Jeucocytes, and was part of
a general increase in nucleic acid metabolismi. The Increase was not found in chropic
Iymphatic lewkacmia, perhaps because breakd of lymphocytes may‘bc d by
teutilization of large DNA fragments in fresh 1 hocyt Jeoy ynthesi as
suggested by the isotope experiments of Hamilton (1957), Leukaemic patientsin remission
had normal serum and urinary uric acid levels, Dusing trestment with folic acid antagon-
ists a fall in urc acid occurred, presumably from interruption of purine synthesis, whereas
purine analogue antimetabolites cavsed a rise in uric acid, because the site at which they
interfere with nuclele acid synthesis is after purine ring formation and the unused purines

in these ¢i t may be converted to uric acid although their utiliza-
tion for nucleic acid jormation has been blocked. The alkylating agents, radiation and
adrenal corticosteroids also produce a rise in uric acid, probably due to destruction of cells
and breakdown of nucleic acids rather than to intesruption of synthesis. These concepts
can be represented diagrammatically as in Fig. 15 (after Krakefi, 1957).

An interesting gradation in uric acid levels among a variety of patients with myelo-
proliferative discases has been reported by Hickling (1958). The highest blood urie acid
levels were very closely iated with the p of large bers of megakaryocytes
in the bone marrow and spleen, and were accordingly most often found in megakaryocytic
myelosis, myelofibrosis, and atypical cases of polycythaemia or chronie myeloid leukaemia
with unusual megakaryoeytic hypertrophy, The mechanism of excessive urie acid produe-
tion in these cases is uncertain,

Glycolytic and r ¥ lsm in feuk i

P

The great interest in this field of metabolism, manifested in many pubeations during
1he past twenty yeavs, derived principally from the observations and hypotheses of War-
burg conceming the existence of a typically “malignant” energy-producing pattem of
activity in tumour cells (Warburg, 1930). This pattern involved high acrobic and anaerabic

glycolysis with defective tion. In a recent SXpR and of hishypos
thesls, Warburg (¥g36 put forward the view that cancer development resulted from an
irreversible destruction of respiration which might lead to the death of some cells but was
followed in those cells thot survived by the replacement of respitation energy by fermenta-
tion energy. Chronic intermittent oxygen deficienicy due to circulatory disturbances or
sespiratory poisons might therefore be expected to be i ic, and there is certainly
some experimental evidence that this may be the case. The general validity of Warburg's
theory has been examined and criticized in detail in a recent discussion by Weinhouse
{1955}, who concluded that oxidative metabolism in tumouss was not in fact impaired,
and that the high aerobic glycolysis of cancer cells was an independent phenomenon, not
resulting from a lesion of cell respiration.

Work on glyeolysis and respiration in normal and leukaemic leucocyfes has been
seviewed by Beck and Valentine {1953) and Valentine {1936), who have stressed the
difficulties of obtaining normal counterparts to leukaemie precursor cells and the inability
to separate individual cell types satisfactorily from mixed cell populations, Despite these
drawbacks, there appears to be general agreement that both normal and leukaemic Ieuco~
cytes have predominantly an aerobic glycolytic metabolism, and that, although oxygen
consumption, glucose vtilization and lactic acid production are less in cell homogenates
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between leukaemic and non-leukaemic patients (Hutchinson and . Burchenal, 1954),
although there is some evidence that when folic acid is given as a test dose leukaemic
patients convert more of it to CF and excrete less as unaltered folic acid than do normal
individuals (Swendscid ¢/ al., 1952; Girdwood, 1953).

Uric acid in leukaemia and related diseases

Raised serum and urinary uric acid levels have often been observed in patients with
leukaemias, and the levels are sometimes further increased during treatment. This may
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Fic, 15. Uric acid metabolism in leukaemia,

be due chiefly to breakdown of large numbers of leucocytes, particularly during therapy,
with production of uric acid as the end-product of nucleic acid purine katabolism, but this
simple explanation does not provide an answer to all the observed facts. {{rakof(. (1957)
reviewed certain aspects of the problem and presented the results of uric acid stl_ldxes ina
group of leukaemic patients treated with different agent's. He concludesi %hat the mc'reascd
uric acid metabolism in leukaemia was roughly proportional to the activity of the disease,
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was not necessarily correlated with the number of circulating leucocytes, and was part of
a general increase in nucleic acid metabolism, The increase was not found in chronic
Ilymphatic leukaemia, perhaps because breakdown of lymphocytes may.be Iollowe.d by
reutilization of large DNA fragments in fresh lymphocyte nucleoprotein synthesis, as
suggested by the isotope experi of Hamilton (1957). Leuk ic patients in remissi
had normal serum and urinary uric acid levels. During treatment with folic acid antagon-
ists a fall in uric acid oceurred, presumably from interruption of purine synthesis, whereas
purine analogue antimetabolites caused a rise in uric acid, because the site at which they
interfere with nucleic acid synthesis is after purine ring formation and the unused purines

Jating in these ci may be converted to uric acid although their utiliza~
tion for nucleic acid formation has been blocked. The alkylating agents, radiation and
adrenal corticosteroids also produce a rise in uric acid, probably due to destruction of cells
and breakdown of nucleic acids rather than to interruption of synthesis. These concepts
can be represented diagrammatically as in Fig. 15 (after Krakoff, 1957).

An interesting gradation in uric acid levels among a variety of patients with myelo-
proliferative diseases has been reported by Hickling (1958). The highest blood uric acid
levels were very closely iated with the p of large bers of megakaryocytes
in the bone marrow and spleen, and were accordingly most often found in megakaryocytic
myelosis, myelofibrosis, and atypical cases of polycythaemia or chronic myeloid leukaemia
with unusual megakaryocytic hypertrophy. The mechanism of excessive uric acid produc-
tion in these cases is uncertain,

Glycolytic and respiratory bolism in leukaemi

The great interest in this field of metabolism, manifested in many publications during
the past twenty years, derived principally from the observations and hypotheses of War-
burg concerning the existence of a typically “malignant” energy-producing pattern of
activity in tumour cells (Warburg, 1930). This pattern involved high aerobic and anaerobic
glycolysis with defective respiration. In a recentexg and of his-hypo=

thesis, Warburg {¥§56) put forward the view that cancer development resulted from an
irreversible destruction of respiration which might lead to the death of some cells but was
followed in those cells that survived by the replacement of respiration energy by fermenta-
tion energy. Chronic intermittent oxygen deficiency due to circulatory disturbances or
respiratory poisons might therefore be expected to be carcinogenic, and there is certainly
some experimental evidence that this may be the case. The general validity of Warburg’s
theory has been examined and criticized in detail in a recent discussion by Weinhouse
(1955), who concluded that oxidative metabolism in tumours was not in fact impaired,
and that the high aerobic glycolysis of cancer cells was an independent phenomenon, not
resulting from a lesion of cell respiration.

Work on glycolysis and respiration in normal and leukaemic leucocyfes has been
teviewed by Beck and Valentine (1953) and Valentine (1956), who have stressed the
difficulties of obtaining normal counterparts to leukaemic precursor cells and the inability
to separate individual cell types sati: ily from mixed cell populations. Despite these
drawbacks, there appears to be general agreement that both normal and leukaemic leuco-
cytes have predominantly an aerobic glycolytic metabolism, and that, although oxygen
consumption, glucose utilization and lactic acid production are less in cell homogenates
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between leukaemic and non-leul patients (Hutchi and Burchenal, 1954},
although there is some evidence that when folic acid is given as a test dose leukaemic
patients convert more of it to CF and excrete less as unaltered folic acid than do normal
individuals (Swendseid ef al., 1952; Girdwood, 1953).
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Uric acld in leukaemia and related diseases

Raised serum and urinary uric acid levels have often been observed in patients with
leukaemias, and the levels are sometimes further increased during treatment. This may
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Fig, 15. Uric acid metabolism in leukaemia.

be due chiefly to breakdown of large numbers of leucocytes, particularly during therapy,
with production of uric acid as the end-product of nucleic acid purine katabolism, but this
simple explanation does not provide an answer to all the observed facts. Krakoff (1957)
reviewed certain aspects of the problem ar}d presented the results of uric acid sn:\dxes ina

oup of leukaemic patients treated with different agents. He condudeg that the mc;eased
i:ic acid metabolism in leukaemia was roughly proportional to the activity of the disease,
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b) demnnstrated that hexokinase acted as the chief rate-limiting enzyme in both normal
and 1 leucocyte The lower glycolytxc rate in Ieukaemxc cells could
be correlated with a defici in h i and an d
diphosphate (ADP) production, Investigation of the phosphogluconate pathway showed
that a higher percentage of metabolized glucose followed this route )n leukaemlc than in
normal leucocytes, a difference possibly attributable to k

A high level of serum phosphohexose isomerase has been shown to enst in chronic
granulocytic leukaemia but not in lymphocyhc leukacmia (Israels and Delory, 1956). The
level of activity parallels the rise and fall in lhe tot:d grzmulocyte count a.nd Israels and
his associates {1958) suggest that the enzyme is} d from disi
Thelow i content of lymphocytes and their rel:mvely long hfe—spzu:l w ould account
for the failure to find an increase in serum in chronic lymp leuk

While the investigations of Beck have revealed a decreased cellular lactic dchydrogenase
(LDH) level in leukaemia, studies by other workers have disclosed elevated levels of the
enzyme in the serum of leukaemic patients. Bierman and his associates (1957) found that
84 of g1 patients with leukaemia had serum LDH values above the normal adult range.
Serial studics in 7 of these patients with leukaemias of different kinds showed serum LDH
values fluctuating in parallel with the clinical state. Comparable findings were reported
by West, Heller and Zimmerman (1958}, but they found high LDH levels only in granulo~
cytic and acute leukaemias and not in chronic lymphocytic leukaemia. Hill and Jordan
(1957) observed a similar increase in seram LDH activity in AKR mice inoculated with

lantable lymphatic leul When the transplant gave rise to generalized and
ulhmately fatal disease, the LDH level continued to rise, most ma.rkedly just before death.
If the transplant took but subsequently d, an initial rise in serum LDH was

followed by a gradual return to normal. An increase in serum LDH activity is not a
certain indication of leukaemia or neoplasia; but there may well be a relationship between
LDH activity and growth. In this connection it is of note that the normal levels in children
are substantially higher than those in adults,

Estimations of leucocytic glycogen

Cytochemical studies of the glycogen content in blood cells have been supplemented
by a number of quantitative biochemical studies, confirming the existence of this substance
in blood and marrow leucocytes, pamcularly those of the later granulocytic series, and

hasizing changes and leuk d reactions (Wagner, 1946,
¥947; Valentine, Fo\h‘.&te and Lawrence, 1953). Valentine and his associates found an
average value of 75 mgm. glycogen per 10'° granulocytes, with a range of 47 to 119 mgm.,
in normal human subjects. Changes were not observed in association with fasting or
feeding, nor in diabetes, nor after adrenal cortico-steroids. In infective states with poly-
morphonuclear leucocytosis there was an increase in mean levels, and a still greater
increase was found in polycythaemia with leukaemoid features, where an average value
in 15 patients was as high as 116 mgm. In chronic myeloid leukaemia on the other
band, the low mean glycogen level of 38 mgm. per 10° cells was found in a study of 14
patients. Morphologically similar peripheral-blood pictures in leukaemia and leukaemoid
reactions were still associated respechvely with low and high granulocyte glycogen values,
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from chronic leukaemias than in normal leucocytes, there is no suggestion of a sharp and

specifically ““malignant” change in carbohydrate metabolism in leukaemic leucocytes.
Nevertheless, certain differences between leukaemic and normal cell glycolytic meta-

bolism have been shown to exist. Beck (1955) studied the activity of the glycolytic
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ired i i i 1 and leukaemic

s required in the Meyerhof-Embden scheme (Fig. 16) in normal 1

zﬁfmziu tlge necessary enzymes were present in both cell types, but leukaemic cells con-

taint:,d less glyceraldehyde-3-phosphate dehydrogenase and lactic dehy@rogenase, and morg
2ldolase and isomerase activity than did normal cells. In further studies Beck (19582 an
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b) demoustmted that hcxok.mase acted as the chief rate-limiting enzyme in both normal

and } The lower gly colytlc rate in leukaemic cells could
be 1 mth a defick y in hexoki and an d diminution in adenosine
diphosphate (ADP) productxon Inveshg:mon of the phosphogluconate pathway showed

that a higher percentage of lized glucose followed this route in leuk ic than in

normal leucocytes, a difference possibly attributable to hexokinase deficiency.
A high level of serum pl\osphohexose ﬁomemse has been shown to exist in chronic
tic leul ia but not in lymy tic leu} (Israels and Delory, 1956). The
level of activity parallels the rise and fall in the total granulocyte count, and Israels and
his associates (1958) suggest that the enzyme is liberated from disintegrating granulocytes.
Thelowi content ofly r‘ ytes and their jvel long life-span i ould accmmt
for the failure to find an mcrease in serum in chromc h
While the mvestlg:mons of Beck have revealed a decreased cellular lactic dchydrogena.se
(LDH) level in leukaemia, studies by other workers have disclosed elevated levels of the
enzyme in the serum of leukaemic patients. Bierman and his associates (1957) found that
84 of 91 patients with leukaemia had serum LDH values above the normal adult range.
Serial studics in 7 of these patients with leukaemias of different kinds showed serum LDH
values fluctuating in parallel with the clinical state. Comparable findings were reported
by West, Heller and Zimmerman (1958}, but they found high LDH levels only in granulo-
cytic and acute leukaemias and not in chronic lymphocytic leukaemia. Hill and Jordan
(1957) observed a similar increase in serum LDH activity in AKR mice inoculated with
ymphatic leuk ia. When the tr.msplant gave rise to generalized and
ulhma.tely fatal disease, the LDH level continued to rise, most mar].edly just before death.
If the transplant took but subsequently regressed, an initial rise in serum LDH was
followed by a gradual return to normal. An increase in serum LDH activity is not a
certain indication of leukaemia or neoplasia; but there may well be a relationship between
LDH activity and growth, In this connection it is of note that the normallevels in children
are substantially higher than those in adults.

Estimations of leucocytic glycogen

Cytochemical studies of the glycogen content in blood cells have been supplemented
by a number of quantitative biochemical studies, t of this
in blood and marrow leucocytes, pamculzu'ly those of the later granulocytic series, and
izing changes in ] and | d reactions (Wagner, 1946,
1947, Valentine, Follette and Lawrence, 1953) Valentine and his associates found an
average value of 75 mgm. glycogen per 101° granulocytes, with a range of 47 to 119 mgm.,
in normal human subjects. Changes were not observed in association with fasting or
feeding, nor in diabetes, nor after adrenal cortico-steroids. In infective states with poly-
morphonucleat leucocytosis there was an increase in mean levels, and a still greater
increase was found in polycythaemia with leukaemoid features, where an average value
in 15 patients was as high as 116 mgm. In chronic myeloid leukaemia on the other
hand, the low mean glycogen level of 38 mgm. per 10 cells was found in a study of 14
patients. Morphologically similar peripheral-blood pictures in leukaemia and leukaemoid
reactions were still associated respectively with low and bigh granulocyte glycogen values,
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presumably indicative of metabolic differences in reserve energy stores, and perhaps
biochemically related to the parallel differences in alkaline phosphatase content.

Quantitative biochemical studies of acid and alkaline phosphatases

The cytochemical studies of leucocytic phosphatases reviewed earlier demonstrated
important changes in concentration of the alkaline enzyme in leukaemic leucocytes.
Biochemical measurements on separated white blood cell populations have provided
confirmation of these changes. The work of Haight and Rossiter (1950), Valentine and
Beck (1951), Beck and Valentine (1951), Valentine ¢f al. (1952), Moloney and Lange (1954),
Wiltshaw and Moloney (1955) and others has made it clear that alkaline phosphatase
activity in the white cells of leukaemic patients is greatly reduced, whereas in neutrophilic
leucocytes of infection and in non-leukaemic myeloproliferative states there is a sharp
increase. Valentine and his co-workers (1957) have shown also that ACTH and adrenal
corticosteroids given over a 72z-hour period produce a roughly threefold increase in unit
leucocyte alkaline phosphatase in most normal subjects. In pathological states with an
initially high enzyme level some further increase may occur, but in chronic myelocytic
Jeukaemia the resp to steroid administration is nearly always slight or absent, phos-
phatase levels remaining in the low leukaemic range. In the majority of cases of chronic
myeloid leukaemia there is no biochemically demonstrable change in the low phosphatase
levels during successful therapy with either chemical agents or radiation; and the high
phosphatase of other myeloproliferative states is similarly uninfluenced by treatment, even
when the white cell numbers return to normal (Valentine e? al., 1957; Kenny and Moloney,
1957). As we have seen, small but significant changes may be detected cyto-chemically.

While this general picture of consistent differences, not grossly influenced by therapy,
between the leucocytic alkaline phosphatase levels in leukaemic and leukaemoid reactions

has been confirmed histochemically and biochemically in the great majority of patients
studied, both Valentine and his associates and Kenny and Moloney have drawn attention
to occasional doxical findi; In a small proportion of cases alkaline phosphatase

activity has been within the leukaemic range, whereas histological autopsy findings in-
dicated myeloid metaplasia, and a few examples of high phosphatase figures have been
encountered in histologically probable myeloid leukaemias. These equivocal cases may
represent tramsitional stages between the myeloproliferative states. Va.len?ine and others
(1957) have also reported two examples of return to normal in leucocync phosphatase
activity during full remission in chronic myeloid leukaemia. The capacity to respond. to
adrenal corticosteroids was recovered during these metabolic remissions, the cells being
indistinguishable from normal in their alkaline phosphatase content and response. These
and other equivocal findings are further discussed in Chapter 16. i .

Less interesting results have accrued from acid phosphatase‘ studne_s._ ’ljhe activity qf
this enzyme in the cells from neutrophilic leucocytoses of i.nf?ctxous origin is not appreci-
ably altered, and there appears to be little significant chzmg_e in the leuk orin other
myeloproliferative states with leukaemoid features (Valentine, 1956)-

Biochemical studies of other enzymatic constituents of leukaemic cells
Beta-glucuronidase. An increase in the activity of this enzyme, which is able to
hydrolyse and perhaps synthesize glucuronide conjugates, has been observed in many
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non-leukacmic neoplastic tissues (Anylan and Fishman, 1947), but an increase does not
occur in leukaemia. Anylan, Gamble and Hoster (1950) and Follette, Valentine and
Lawrence (1952) reported studies of beta-glucuronidase in varjous forms of lenkaemia,
but their results were not in full ag; However, lymphocytes p d less enzyme
than granulocytes, whether leuk ic or not, and values in both acute and chronic leuk-
aemias were either within the normal range or depressed.

Esterases and lipases. These enzymes, concerned with the hydrolysis of short- or
long-chain fatty acid esters, are present in normal leucocytes (Rossiter and Wong, 1949;
Nachlas and Seligman, 1949). Their concentration in the leucocytes from a variety of
pathological states has been studied by Hardin and others (1955), who found values
within the normal range in most cases of leukaemia, whether acute or chronic, lympho-
cytic or myelocytic, although high values were observed in two cases of monocytic leuk-
aemia. Both esterase and lipase activity appear to be diffusely distributed among leuco-
cytes of different kinds and no clear-cut variations in disease have been established.

Other enzymes. Leucocytes are known to possess many more enzymes, including
nucleases, trypsin, amylase, adenosinase and cathepsin (Barnes, 1940}, catalase (Stern,
1932} and peptidase (Stemn ¢ al., 1951), but no significant variations in the concentration
of these enzymes in leukaemic cells have yet been observed.

Histamine in leukaemia

The p of hi ine in suspensions of 1 ytes, pred ly in the granul
cyte fraction, has long been recognized (Code, 19372 and b), and very high values have
often been observed in chronic myeloid leukaemia (Thiersch, 1947; Valentine, Pearce and
Lawrence, 1950). The studies of Riley (1953) and Ehrich (1953) suggested that the baso-
phil cell might be the chief site of leucocytic histamine, and Valentine and his associates
(1955) have reported a very close correlation between blood histamine levels in chronic

myeloid leuk ia and the ab: bers of basophils present. The high basophil
percentage in many cases of chronic myeloid leukaemia would therefore explain the
increased histamine activity, without postulating any leuk ic change in cell hi: i

carriage. The absence of histamine increase in most leukaemoid reactions and in neutro-
philic leucocytosis, and the occasional high figure in polycythaemia, are also readily
explicable in the light of this basophul-histamine relationship.

Changes in trace elements in leukaemia

Gibson and his associates (1950) found the zinc content of leucocytes in chronic myeloid
leukaemia greatly reduced below comparable figures for normal cells, and Underwood
(1956) noted that a similar reduction occurred in chronic lymphocytic and monocytic
leukaemia. Injections of stable zinc gluconate failed to raise the levels or to influence the
course of the disease, but when clinical and haematological remission occurred under
appropriate therapy the leucocytic zinc content rose to normal. Kock, Smith and McNeely
(1957) reported data on copper and zinc levelsin plasma, and copper, zinc, iron, magnesium,
molybdenum, lead, nickel, cadmium, tin and chromium in tissues from patients with
1 h diseases, including acute and chronic leuk ias. Elevated pl PP
levels were found in most cases, and these could be correlated with increases in alphaz and
alpha, globulin, suggesting that the hypercupremia was due to a raised coeruloplasmin
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feved rather than to an increase in copper fons. ‘The plasma-zine levels were also raised,
the increase being parallel to that of copper. Tissue levels of copper, zinc and iton showed
a wide range in material from control subjects without cancevous or tymphomatous dis-
orders, and in leukaemia no consistent changes were found in the Jevels in Yiver, spleen,
lymph glands or in 2 variety of other tissues although variations were wider than normal,
Leucocytes were not scparately analysed. No significant alterations in tissue content of
the other trace clements were found.

Plasma and white celt ascorbic-acld levels in leukaemia and allled states

Bodansky, Wroblewski and Markardt {1952) compared plasma and white cell ascorbic-
acid levels in groups of normal subjects, patients with cancer and patients with chronic
non-cancerous diseases. In both the Iatter groups decreased values were found in cells and
plasma. Waldo and Zipf {1935) carried out similar studies on 42 patients with Jenkaemias
of various kinds and 30 patients with lymphosarcoma, teticulum cell sarcoma, Hodgkin’s
disease or roultiple myeloma, All these patients had low values for ascorbic acid concen-
trations in both plasma and white cells, and the mean values for the group were much
lawer than the corresponding mean values for 50 normat subjects. During treatment with
corticosteroid hormones the aseorbic acid levels fell still {urther, and even when fufl
remissions were induced by this therapy the levels did not return towards normal, When
remissions were induced by radiation or chemotherapy, however, a rise in astorbic acid
concentration occurred.

The increased demand for ascorbic acid appears to be a general phenomencn in many
chranic discases as well as cancer, although the evidence for increased utilization is most
convineing in neoplastic disorders {Minor and Ramirez, 1942), The low vitamin level in
plasma and leucocytes probably teflects 1 depletion of tatal body stores, but the mechan-
ism of this depletion is not clear, and it cextainly does not appear to be a specifically
leukaemic abnermality.

Vitamin B,, concentrations in serum and leucocytes in leukaemia

Eeard, Pitney and Sanneman (1934) observed a greatly increased concentratipn' of
bound vitamin By, in the serum of patients with chronic myeloid Jeukaemia, and a similar
increase was reported in acute myelablastic and monocytic leukaemia by Beard, mee_y,
Sanneman, Sakol and Moorhead (1954}, Studies by Mollin and Ross (x955) on matesial
from 56 patients with Jenkaemias of vations kinds confirmed the existence of high serum
levels of vitamin B,, in subacute and chronic loid leukaemia, but led values
within the normai range in patients with acute lenkaemia whose marrows showed little
or no differentiation beyond the myeloblast or lymphoblast stage. Normallevels were also
found in chronic lyraphocytic leuk ia and in tiple myelomatosis. In aﬂfurther group
of patients with polycythaemia vera, myelesclerosis, or chtonic non-leukaemic leucacytosis
some increases in serum concentration of the vitamin were observed, but normal values
were found in agranulocytosis and aplastic states, General confirmation of these findings
has been reported by Rachmilewitz e al. (1957). . . X

Mollin and Ross pointed out that increased B,, concentrations were in ait cases associ-
ated with active granulocytic proliferation, and they noted that levels were observed to
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fall when proliferation became less intense during successful treatment of chronic myeloid
leukaemia and polycythaemia. They therefore argued that the high serum levels of By,
might be brought about by the release of bound vitamin from disintegrating granulocytes
in the peripheral blood and tissues. Normal leucocytes have been shown to contain signi-
ficant amounts of B,, (Harris, 1952), and leukaemic leucocytes of whatever kind do not
apparently differ appreciably from normal in B, , content or binding power (Thomas and
Anderson, 1956). Since the vitamin content is much the same in lymphocytes and
granulocytes, the marked difference in serum levels in chronic lymphocytic and granulo-
cytic leukaemias would suggest a much greater rate of white cell disintegration in the
latter disease, if the serum concentration of B, is to be attributed to vitamin release from
the breakdown of leucocytes. This explanation may well be correct, since estimates of
leukaernic cell life-span in recent years have tended to give figures far greater for lympho-
cytes than for granulocytes, so that the rate of granulocyte turnover may be between 5
and zo times that of the lymphocyte (Osgood et al., 1954; Ottesen, 1954; Osgood and
Krippachne, 1955). The changes in serum vitamin By, concentration in granulocytic
leukaemia therefore probably reflect the rapid cell turnover in that disease and do not
P a fund 1 biochemical ab lity.

Lipid estimations in leukaemia

Although a macroscopically noticeable fatty turbidity is often to be seen in the plasma
of lenkaemic patients, surprisingly few quantitative studies of plasma or leucocytic lipids
in lenkaemia have been made. Pernokis and Freeland (1941} found the total lipids and
fatty acids of whole blood, serum and plasma to be much increased above normal in all of
nine patients with chronic myeloid leukaemia and three with chronic lymphocytic leuk-
aemia. Parallel estimations of chol 1, calcium, phosphorus and protein nitrogen
gave normal values. Cytochemically, leukaemic cells do not manifest obvious increases in
lipid stainable with Sudan black B, but in view of the demonstration by Costello et al.
{(x947) that the uptake of P32 in the phospholipids of sq cell i in experi-
mental animals was more than twice that of normal epidermis, and the finding of Wilhams
et al. (1945) that the total lipid content of butter-yellow-induced hepatomas was twice
that of normal liver, further work on cell and plasma lipids in leukaemia might prove
informative,

General Comment

Despite the rapidly i i d ding of fund: I of cell meta-
bolism and the immense amount of experimental work on the biochemical activities of
leukaemic cells, no clear evidence of metabolic disorder peculiar to leukaemia or of
probable importance in 1 is has yet ged. The nearest approach to a
consistent and significant change is the low alkaline phosphatase activity in the granulo-
cytes in myelogenous lenkaemias, but the function and importance of this enzyme remains
uncertain. Most of the other abnormalities described in this chapter are reasonable con-
comitants of rapid cellular proliferation or are of questionable significance in view of the
heterogeneity of the cell populations studied. Nevertheless, it would seem to be only a
matter of time before a clear knowledge is obtained whether leuk ic cell bolism is
basically abnormal or not, and perhaps continued study of DNA structure is most likely
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fevel rather than te an increase in copper jons, The plasma-zine levels were also aised,
the Increase being parallel to that of copper. Tissue Jevels of copper, zinc and iron showed
a wide range in material from control sebjects without cancerons or Jymphomatons dis-
orders, and in leukaemia no consistent changes were found in the levels in liver, spleen,
lymph glands or in a variety of other tissues aithough variations were wider than normal.
Leucocytes were not scparately analysed, Na significant alterations in tissue content of
the other trace elements were found.

Plasma and white celf ascorbic-acid levels in leukaemia and aliied states

Bodansky, Wroblewski and Markardt (1952) compared plasma and white celt ascorbic-
acid levels in groups of normal subjects, patients with cancer and patients with chronic
non-cancerous diseases. In bath the latter groups decreased values were found in cells and
plasma. Waldo and Zipf (1935} carried out similar studies on 4z patients with lenkaemias
of various kinds and 30 patients with lymphosarcoma, reticulum celf sarcoma, Hedgkin's
disease or multiple myeloma. Al these patients had low values for ascorbic acid concen-
trations in both plasma and white cells, and the mean values for the group were much
lower than the corresponding mean values far 50 normal subjects. During treatment with
corticosteroid hormones the ascorbic acid levels fell stitl further, and even when full
remissions were induced by this therapy the levels did not return towards normal, Whes
remissions were induced by radiation or chemotherapy, however, a rise in ascorbic acid
concentration occurred,

The increased demand for ascorbic ackd appears to be & general phenomenon in many
chronic discases as well as cancer, although the evidence for increased utilization is most
convincing in neoplastic disorders (Minar and Ramitez, ¥942). The low vitamin Jevel in
plasma and leucocytes probably refiects a depletion of total body stores, but the mechan~
ism of this depletion is not clear, and it certainly does not appear to be a specifically
feukaemic abnormality.

Vitamin B,, concentrations in serum and leucocytes in leukacmia

Beard, Pitney and Sanneman (1954} observed a greatly increased conccntration. of
bound vitamin B,, in the serum of patients with chronic myeloid leukaemia, and 2 s{mzlar
increase was reported in acute myeloblastic and monoeytic leukaemia by Beard, thney,
Sanneman, Sakol and Moorhead {rgs4). Studies by Moilin and Ross (xgss) on material
from 56 patients with leukaemias of various kinds confirmed the existence of high serum
levels of vitamin B,, in subacute and chronic myeloid levkaemia, but revealed values
within the normal range in patients with acute leukaemia whose marrows showed fittle
ot no differentiation beyond the myeloblast or Iymphoblast stage. Normal levels were also
found in chronic lymphocytic leukaemia and in multiple myelomatosis. In a further group
of patients with polycythaemia vera, 1 Jeuk ic )

0sis, oF chronic 2ucocy
some increases in serum concentration of the vitamin were observed, but normal va}ues
were found in agranulocytosis and aplastic states. General confirmation of these findings
bas been reported by Rachmilewitz et al. {zg57}- . . )
Mollin and Ross pointed out that increased B,, concentrations were in all cases associ~
ated with active granulocytic profiferation, and they noted that levels were observed to
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to providz? t}_lis information, since the DNA molecule is presumably responsible for transfer
of any existing leukaemic abnormality from one generation of cells to the next.
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CHAPTER 7
THE LEUKAEMIC CELL

III. Antigenicity and Immunology

IMMUNOLOGICAL methods provide a highly sensitive means for distinguishing differences
in the chemical composition of large antigenic molecules. Proteins which appear similar
under ordinary chemical investigation can sometimes be readily differentiated by analysis
of specific anhgen -antibody reachons Allhough the problem may be relatively simple
when single antigens are p itt ly difficult when the material
to be analysed consists of complex antigenic mixtures such as exist in cells and plasma.

The search for new or altered antigens in the leucocytes and plasma of patients with
Jeukaemia has therefore been delayed until recent years by the absence of suitable tech-
niques, and is at present being pursued in only a small number of laboratories. Neverthe-
less, the potentialities of the immunological method in the study of cell alterations in
disease are sufficient to warrant close consideration of the results so far achieved.

The study of leucocyte antigens is beset with technical difficulties. Leucocytes are
extremely difficult to separate from other formed elements of the blood, particulasly red
cells, and procedures employed for separation are inclined to cause cell damage of uncer-
tain extent. Lyophilized leucocytic emulsions have sometimes been used, but these are
usually derived from populations of mixed cell type and reactions confined to a particular
variety of leucocyte cannot therefore be detected. A diversity of techniques for the
demonstration of leucocyte antigen-antibody reactions has, however, been devised.
Methods in current use, all regrettably open to criticism, have been reviewed by Dausset
{1956, 1957). The simplest and most widely used procedure is agglutination i vitro, a
method long employed in experimental studies of the action of strong anti-leucocytic
hetero-agglutinins, as reviewed by Cajano and Maurea (1950). By this means Moeschlin
and Wagner {1952) demnnstrated the presence of leucocyte agglutinins in the serum of
patients with p; id ced locytosis. Agglutinating antibodies in the serum
of certain leucopenic pahents were similarly detected by Dausset and Nenna (1952) and
Goudsmit and van Loghem (1953) and subsequent confirmation has been provided by
several observers {Martensson and Vikbladh, 1954; Miescher, 1954; Ruggueri ¢t al., 1954;
Muller, 1956; Brittingham, 1957). The interpretation of leucocyte clumping is not always
straightforward, however, especially in the presence of infection, pregnancy, haemon—hage
or any other stimulus to accelerated 1 iesis, when the of “leukergy”
develops, with appearance in the circulation of leucocytes having an increased stickiness
and tendency to agglomerate (Fleck, x952). Lysis and phagocytosis of leucocytes in the
presence of anti-leucocytic serum have been used to observe and assess the extent of
antigen-antibody reactions (Finch, Ross and Ebaugh, 1953; Miescher, 1953; Robineaux,

1954; Bessis, 1955). Sensitization of leucocytes by antibodies has also been demonstrated
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concentrations employed were cytotoxic, inberg and Martin (1944, 1945, 1946} suc-
ceeded in obtaining satisfactory leuco-agglutination by using a critical concentration of
leucocytes in rabbit antileucocytic sera, dilutions being made with normal saline and t}fe
reaction speeded by centrifugation. Antisera were prepared against normal and leukaemic
leucocytes of various kinds and agglutination and absorption experiments carried out.
The authors concluded that mature and immature lymphocytes and granulocytes each
possessed specific antigenic substances, reflecting different chemical components in each
type of cell. No evidence of antigen specificity peculiar to leukaemic cells was found. The
complement fixation reaction was used by Maculla (1947) to compare the antigenic
structure of various normal and tumour tissues from the mouse. Tumour cells were found
to possess antigens in common with normai cells, but to have additional components in
some cases. Specific anti-leukaemic cell antibodies were not, however, detected. An anti-
body or group of antibodies specific for the cells of an induced leukaemia in DBA/z mice
was obtained by Thompson (1955). Antisera prepared in rabbits gave complement fixing
reactions with both normal and leukaemic lymphocytic antigens, but absorption with
normal lymphocytic antigen left an antibody residue reacting only with leukaemic tissue.
Despite the in vitro activity, anti-leukaemic sera did not afford protection to other DBAfz
mice against transplanted tumour growth, The effect of heterologous immune sera pre-
pared against neoplastic cells, when injected #n tivo into animals with transplanted
tumours, has usually been insigni weak or pecific, and difficult to ascribe to
an antigen-antibody reaction peculiar to the neoplastic cell. In the case of certain mouse
lymphomas, however, definite inhibition of transplants by immune sera has been observed
{Nettleship, 1945; Nungester and Fisher, 1954). A careful study of the effects of 43

immune sera prepared in rabbits with antigens consisting of non-lymphocytic mouse

tissue, non-neoplastic lymphocytic tissues from thymus and lymph nodes, and cells of
seven different transplantable lymphomas originating in C3H, AKR and Streng A mice,

showed that all the sera killed the lymphoma cells i vitro in the presence of complement

{Mohos and Kidd, 1957). The sera varied in potency, however, those against lymphoma

cells being most active and those against non-lymphocytic tissues least active. Absorption

experiments indicated the existence of antibodies corresponding to specific antigens of

lymphocytes, whether normal or neoplastic. Immune sera containing this antibody com-

ponent inhibited lymph develop: in vivo, whereas immune sera against non-
lymphocytic tissues had no protective effect. The specific antigens appeared to be shared
by normal and neoplastic lymphocytes, but there was some evidence of further iherent
differences in the types of lymphoma cell studied, since antisera were sometimes more
active against their parent cell strain than against normal lymphocytes or lymphoma cells
of different strains.

Direct experimental studies with immune sera have therefore not yet clearly demon-
strated the exi of specifically 1 ic antigens in the leucocytes of leukaemia,
although some evidence in favour of their probable existence has been found. In this
Tespect the position resembles that in the general field of neoplasia, where attempts to
demonstrate specific antigens in tumours not cansed by viruses have yielded few positive
results (Hauschka, 1952; Zilber, 1957).

. There is,_ho“jever, considerable indirect evidence of an abnormal immunological state
in leuka%emxa, since the plasma in many cases manifests activity of an *“auto-immune”
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by the use of an antiglobulin test (Steffen and Schindler, 1955; Van Loghem, Van der
Hart and Borstel, 1957), and by complement fixation (Milgrom ef al., 1957), while specific
precipitation of leucocytic antigens by appropriate antisera has been carried out, using
modifications of the ring-test and two-dimensional gel methods of Qudin (1946) and
Quchterlony (x948), by Seligman, Grabar and Bernard (1954, 1955). Seligmann (1g57)
has used also an immuno-clectrophoretic technique for separating precipitation reactions
involving different leucocytic antigens.

By the use of this multiplicity of technical methods the antigenic structure of Jeucocytes
has been increasingly revealed in recent years. At least ten specific nuclear or cytoplasmic
antigens have been distinguished in normal Jeucocytes by precipitation in gel (Seligmann,
Grabar and Bernard, 1955). The possibility that leucocytes might be separable into groups
with differing antigenic constitution, similar to the erythrocyte subdivisions, has been
explored. Moeschlin and Schmid (1954) examined the reaction of leucocytes in sera from
blood samples which were either compatible or incompatible with the blood of the leuco-
cyte donor with Tespect 1o erythrocyte ABO grouping. In 174 incompatible cross-matches,
60 showed leucocyte agglutination, while in 206 compatible cross-matches only 10 showed
leucocyte agglutination. Further studies by Dausset (1954), Maupin ¢f al. (1955), Riis
(1955) and Whyte and Yee (1936) have been taken to confirm the presence of antigens A
and B on leucocytes from blood of the respective erythrocyte groups. Bakemeier and
Swisher (1957) have pointed out, however, that techniques employing leucocyte suspen-
sions with an unavoidable admixture of erythrocytes may give rise to false leuco-agglutin-
ation as a result of adherence of leucocytes to sensitized or damaged red cells. Leucocyte
agglutinates consist chiefly of potentially phagocytic granulocytes, while lymphocytes
usually fail to form clumps, and this observation supports their argument that erythro-
phagocytic activity is frequently the cause of apparent agglutination, particularly in the
presence of thermolabile serum components and potentially haemolytic antibadies. Until
homog leucocyte susp devoid of erythrocyte contamination, can be pro-
duced, the agglutination studies interpreted as demonstrating the presence of A and B
antigens on leucocytes must be regarded with reserve.

Apart from the possible existence of A and B antigens absorbed onto or forming part
of the surface of the leucocytes, specific leucocytic surface antigens distinct from those of
erythrocytes have been shown to exist. These surface antigens appear to b_e of great
importance in stimulating iso-antibody formation in patients receiving multiple trans-
fusions, and immunization produced in this way is a major cause of febrile transfusion
yeactions (Dausset, 1954; Payne, 19572 and ). The specific Ieuu‘my'tic antigens are prgb-
ably genetically transmitted and identical patterns appear to exist in mozwzygotm twins
(Dausset and Brecy, 1957). A start has already been made on the separation of leuco?yte
antigenic groups, and Dausset ¢t al., (1957) have reported the_ presence of an antigen
“Mac” in about 6o per cent of blood samples taken at random in France. .

1t is upon this background of rapidly growing knuwle@ge of normal lc_ucocyte anti-
genicity that studies of leukaemic cell antigens must be v1ev_vcd. The earliest wt?rk was

with experimentally produced antisera against human and animal leucocytes (Ledmghaxz
and Bedson, 1915; Lindstrom, 1927; Hueper and Rus'scll, 1932; Chew,. Stephens an
3 ce, T but the antisera, while sometimes producing
YLawrence, 1936; Chew and Lawr'en , 1937), but the y e
cell destruction in vivo, did not give good agglutination of Jeucocytes, perhaps because
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eluted from sensitized red cells derived from patients with chronic lymphocytic leukaemia.
He found no evidence of antigen-antibody relationship between these two materials.
Extracts of leukaemic leucocytes did, hiowever, contain 2 potent haemolysin and agglutinin
active against normal and trypsinized erythrocytes. This substance was found to diﬁe'r
from coating antibody eluted from the red cells of patients with acquired h{xemolync
anaemia (Pirofsky, 1957). In view of the demonstration by Leroy and Spurrier {1955)
that beta-glucuronidase might be important in causing red cell lysis, and the possible
agglutinating activity of anti-H substance (Morgan and Watkins, 1948), Pirf)fsky carried
out experiments to determine whether the leukaemic cell extract contained either of these
materials. The results excluded both. Haemolytic substances have previously been ex-
tracted from normal and neoplastic tissues (Weil, 1go7; Maegraith, Findley and Martin,
1943; Gross, 1¢49) and a lysin-inhibitor complex derived from mouse tumour tissue by
Ponder and Nesmith (1952) had some bl to Pirofsky's leul ic cell extract.
The materials were not, however, identical. Normal serum contained an mbhibitor to the
leukaemic cell extract which completely prevented haemolysis 1 vitro, and the in vito
activity of the lysin remains at present speculative, Agglutination was less strongly
inhibited, and even slight agglutination may predispose to splenic sequestration and
destruction of erythrocytes, so that the substance extractable from leukaemic leucocytes
may contribute signi ly to the i drate of h lysis in leul i

Pirofsky (1956) argued that the demonstration in leukaemic cells of an agglutinating
and lytic material reacting directly with erythrocytes would eliminate the need to explain
red cell antibody-coating on a basis of auto-i ity. Positive antiglobutin tests could
result from alteration of the red cell envelope, as in the experiments of Muirhead, Groves
and Bryan (1954), who induced positive direct antiglobulin reactions by phenylhydrazine
injections, The subject is far from settled and many discrepancies exist. Actively haemo-
lytic material appears to be present in leucocytes from di ieties of leul ia and
is not confined to leukaemic lymphocytes; it is present also in the cells of some patients
‘who manifest no obvious haemolytic process. On the other hand, clinical and laboratory
evidence of haemolysis may be found without red cell sensitization. Probably more than
one mechanism exists for the production of haemolytic anaemia in leukaemia, and both
abnormal globulin synthesis by disordered lymphoid tissue and materials within the leuk-
aemic cell active directly in erythrocyte agglutination and lysis contribute their respective
influences to shortening the red cell life.

For the present, studies of app ical ab lities in leuk ia have
failed to demonstrate with clarity any specifically leukaemic antigen within the leucocytes.
Nevertheless, the strong suspicion remains that leuk ic cells might be found to differ

immunologically from their normal counterparts if appropriately sensitive methods could
be brought to bear. Reactions with normal guinea-pig serum provide an example of a
diff between leuk ic and Teu} ic leucocytes that has not yet been fully
explored. Schwartz, Schoolman and Spurrier (1955) found that human leukaemic cells
were almost always agglutinated by guinea-pig serum, only 6 of 58 cases failing to show
the reaction, whereas only 5 of 369 cases with other diseases gave positive reactions. The
significance and mechanism of this agglutination remain to be assessed.

A further i logical diff between ic and normal cells has been
described by Seligmann, Grabar and Bernard (1955). These anthors used the method of
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kind against erythrocytes and sometimes against leucocytes. Reference has been made
earlier to reports of circulating leuco-agglutinins in cases of leucopenia of diverse aetiology,
and these case reports include some of leukaemia (André, Dreyfus and Bessis, 1954; Bond
and Rohn, 1955). Antibody activity showed some relationship to general activity of the
disease, but was by no means uniformly present. Kissmeyer-Nielsen, Bichel and Bjerre-
Hansen {x954) transfused blood from non-leukaemic leucopenic patients to subjects with
normal blood pictures and found a marked transient leucopenic response; no such response
followed transfusion of leukaemic leucopenic blood, suggesting that an antibody was not
present in these cases, or, if present, was not active against normal leucocytes.

Evidence of erythrocyte sensitization by abnormal “auto-immune” gamma globulins
in lymphocytic leukaemia has frequently been reported; the phenomenon is substantially
confined to lymphocytic forms of the disease and is rarely, if ever, encountered in lenk-
aemias of other cell types (Davis, 1944 ; Stats, Rosenthal and Wasserman, 1947; Rosenthal
¢t al., 1955). H lytic ia is not unc as a complication of lymphocytic
leukaemia; Seaman and his associates (1957) found it present in 52z of 212 cases. Tl{e
laboratory features of the disease are similar to those of idiopathic acquired haemolytic
anaemia, with spherocytosis, reticulocytosis, bilirubinaemia, shortened erythrocyte life-
span and positive direct and sometimes indirect anti-globulin test. The cytology of blood
and marrow preparations shows a dual picture of lymphocytic proliferation and erythro-
poietic response to haemolysis. .

Similar acquired haemolytic anaemias with red cell sensitization sometimes occur in
association with lymphosarcoma and with non-malignant lymphocytic or reticulo-endo-
thelial hyperplasias. The existence of abnormal Iymphocytes in all these conditions has
inevitably suggested that they may be responsible in some way for the development of the
erythrocyte-coating globulins. This possibility has been discussed fully by Rosent!ml o al.
(1955), who concluded that the cytological and architectural disruption of Iymphoid tissue
in malignant lymphocytic disease might well have a functional counterpart with resp.ect
to the antibody-producing activity of the cellular components of lymphoid tissue, resulting
in the elaboration of abnormal gamma globulins immunologically active against erythro-
cytes. The precise site of antibody formation is still uncertain, although the weight of
evidence suggests plasmacytes, reticulo-endothelial cells or lymphocyte precursors .rather
than mature lymphocytes, but all these cellular elements are disturbed in malignant
lymphocytic disease, and a functional disorder of immune globulin ior.mation may cer-
tainly exist, Agglutinins active against red cells could, therefore, concexvabl_y be fom.led
without a specific antigenic stimulus, but alternative explanations for their format?tm
must be considered. In the first place the postulated disorder of the antibody-forming
system may involve a failure to recognize red cell antigens as native, so _that t'hey may
excite an immune response as if they were foreign. There is little deﬁmtg evidence in
support of this hypothesis, since the antibodies are not s.p'eciﬁc for any partxcu]a'r red cell
antigenic system, but it remains, neve:rtheless, a possibility. The Iymphocytg itself has
been considered a possible source of antigen. Rosenthal e? al. {1955) fhscussed this question
and concluded that the leukaemic or sarcomatous lymphocyte might be sufficiently far
removed from normal in chemical composition to elicit a poorly specific antibody reSPOﬂS‘;]-
Pirofsky (1956) used precipitation and antibody neutralization techniques llr; the';m;iis
for a component in leukaemic leucocyte extracts capable of reacting with antibos
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or multiple myelomatosis, and is reinforced by the finding of positive antiglobulin tests,
using a sensitive technique, in 43 per cent of 451 cancer patients, whereas only 15 per cent
of 241 control cases gave positive results (Green, Wakefield and Littlewood, 1957).

The hypothesis has points of attraction in offering an explanation for many ph
of malignant disease and of leukaemia, but it is, of course, true that auto-immune erythro-
cyte sensitization and h lysis are not in benign lymphoid hyperplastic
conditions, such as glandular fever. Moreover, plasma cell increase is a striking feature
of many malignant states, particularly when metastases exist, so that antibody globulin
in these diseases may well be derived from orthodox sources rather than from tumour
tissue. The intensive studies at present being conducted with recently devised techniques
for antigenic analysis of leukaemic and normal leucocytes may be expected soon to provide
definite evidence upon which the validity of these hypotheses, at least in the field of
leukaemia, can be more firmly assessed.

‘The immunological data reviewed in this chapter present a thoroughly confused picture.
Normal leucocytes have a complex but uncertain antigenic structure ; leukaemic cells may
have additional or different antigens or may lack some important antigens normally
present. The leukaemic cell may perhaps be sufficiently foreign in structure to stimulate
antibody formation, and may even itself elaborate globulins with antibody activity against
constituents of erythrocytes or other cells. There has been a wealth of speculation on the
role of immunological factors in the path is and development of leuk ia and
malignant processes in general, but experimental evidence is still Jacking on too many
fundamental issues for any firm conclusions to be drawn.
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precipitation in gel to effect an immuno-chemical comparison between leukaemic and nor-
mal leucocyte extracts. They failed to find evidence of specific antigens peculiar to leuk-
aemic cells in any of the major cytological varieties of leukaemia, but primitive cells from
acute leukaemias were shown to lack one of the principal antigenic components of normal
leucocyte extracts. This deficiency might, of course, be a manifestation of immaturity,
since comparison with normal blast cells has been impossible, but the conception of leuk-
aemic leukoblasts as cells devoid of some protein or enzymatic constituent normally
present in leucocytes would accord well with the current “protein deletion” hypothesis
of carcinogenesis postulated by Milles and Miller {1953), and the immunological contept
of cancer elaborated by Green (1954, 1957, 1958). It is therefore appropriate to give some
brief consideration to these hypotheses in the present context.

The protein deletion hypothesis arose from observations that metabolites of carcino-
genic amino-azo dyes combined with proteins in affected tissues in vivo (Miller and Miller,
1952, 1933). The combination took place only in tissues susceptible to eventual carci{ur
genesis induced by the chemical agent used; species and tissues in which tumour formation
could not be induced failed to bind the hydrocarbon. Further evidence suggested that
protein~-dye combination was an assential preliminary to later carci is, and that
the tumour cells finally produced were deficient in those proteins which initially combined
with the dye {Sorof and Cohen, 1951). An hypothesis was therefore put forward that
combination of certain proteins with carcinogenic chemicals might inhibit further syn-
thesis of the proteins and lead to their partial or complete deletion from daughter ce'II.S.
A similar deletion of proteins and enzymes might be brought about by physical or viral
agencies. The later development of tumours in tissues so affected would be a consequence
of deletion of proteins or enzymes having essential activities in regulating cell growth and
development, but this supposition so far lacks experimental support.

According to Green’s i fogical concept of carcinogenesis, modification of cell
proteins by combination with azo-dyes or by other means produces a ** foreign " substance
within the cell, capable of exciting an immune response with the production of homologous
antibodies. These antibodies may succeed in destroying the affected cells while still in a
precancerous state, but continuous hyperplasia may take place with incree.xsing imr}\u!ll'e
reaction Jeading eventually to 2 cell adaptation involving the loss of “identity proteins™.
These "identity” or " marker” proteins are thought to enable scavenger cells to recognize
displaced normal tissue cells, and to remove them without antibody iormatior! b?’ugg
stimulated (Burnet and Fenner, 1949; Green, 1934). The loss of ““identity proteins™ 1n
whole or in part produces a ‘‘neutral”, freely invading, neoplastic cell, the degree of loss
being correlated with the malignancy of the neoplastic state.

Green further argued (Green, Wakefield and Littlewood, 1957), that the final state of
antigenic Joss postulated to exist in the developed neoplastic cell would enable t'he ce_]l to
react immunclogically with antibody formation to the challenge of the specific .'ISSUC
antigens it had lost. Malignant growths deriv'ed from tissues_ normally c'apablﬁ of antlbodﬁ
production, in particular tumours of the reticulo-endothelial, tymphoid and plasma. cel
systems, might be expected to display 'thls activity most ma'r]fcdly, but an lménune

response might be elicited also fror.n malignant cells gf other LGgms; T_he thcm'y't hrawg
some support from the frequen} existence of‘ gn' aut tic s'tate, with ree
cell sensitization, in patients with lymphocytic

k ia, malignant lymphoid tumours,
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in vitro into neutrophil, cosinophil, and basophil myclocytes, which could subsequently
form polymorphonuclear Jeucocytes. Cells of the lymphocytic serics were incapable of
granulopoiesis, Tlmofe]ewsky (1928) drew particular atlcntmn to his observatmn that
the myeloblasts of acute leul ia, though app ly unable to di iate 41t vive,
could do so in vitro, and suggested that leukaemia should not be regarded as a malignant
neoplasm, since the cells had not entlrely lost their capacity to mature normally.

Hirschfeld (1927) was less successful in obtaining long-lived cultures in plasma clots,
but was able to confirm the rapid degencmﬂ)_n_qf,maiure cells.and the transformation of
more primitive oncs of cach leucocyticseries into spindle-shaped cells and sometimes into
macrophages. He observed proliferation of myclmMn
InThis work and in later studies of lymphocytic leukaemic cell culture (Hirschfeld and
Klee-Rawidowicz, 1928), the lymphocytes showed little sign of transformation, and the
macrophages and fibroblast-like cells were considered to arise from monocytes or im-
mature cells.

Many similar attempts to grow normal or leukaemic haemopoietic tissue in solid media,
usually human or animal coagulated plasma, sometimes with the addition of Ringer's
solution or embryo extracts, gave very compamble results (Veratti, 1928; Silberberg and
Voit, 193I Pxerce, 1932; Wallbach, 1936) and in no case was a persistent growth of

ic cells Fibroblast-like cells and phagocytic macro-
phages almost mvanubly came to dominate the cultures within a few days, but prolifera-
tion of granulocytes was frequently noted. On the question of maturation and differentia-
tion of precursor cells, whether leukaemic or not, opinions were divided, some observers
believing that limited maturation of myeloid elements took place and others that it did
not. Conclusions had, of course, to be inferred from changes in relative proportions of cells
in successive sections of material cultured for varying penods of time, since direct observa-
tion of cells during division and possible maturation was very difficult, and it was imposs-
ible to estimate the absolute numbers of the various cell stages present.

In contrast to these unsuccessful attempts to obtain persistent growth of human leuk-
aemic ceils on solid medm were the results of Bichel (1938, 1939, 1940, 1952} with cells
from mouse leuk Fr: of 1 tissue were d in a medium con-
taining three parts of rabbit plasma to one of fowl plasma, with a trace of chick-embryo
extract to aid coagulation. Chick-embryo fibroblasts were added to the cultures since the
leukotic cells were found to grow best in symbiosis with fibrobl The hanging-drop
method of culture was used, and the cell fragments were reimplanted in fresh medium
every three or four days, when the old substrate had begun to liquefy. After a number of
successful transfers, the surviving cells grew strongly in a symbiotic manner, with leuk-
aemic cells distributed widely between the fibrobi: d cultures,
lasting several months, were derived from a stem cell Ieukacm\a a chloromatous acute
myeloid leukaemia and a plasma cell leukaemia. There was some irregular tendency
towards maturation during the carlier stages of growth, but after some months all the
cultures remained predominantly primitive in cytology, and upon incculation into ex-

perimental animals each of the three cell types reproduced the corresponding form of
leukaemia,

Successful maintenance of malignant 1 hobl

from a t )? ble mouse
lymphosarcoma has also been reported (De Bruyn, Korteweg and Van Waveren, 1949;



CHAPTER 8
THE LEUKAEMIC CELL

IV. In vitro Culture Studies

TuE successful maintenance of living cells in artificial culture media outside the body,
under conditions of controlled environment, would provide a most valuable instrument
for fundamental research on cell characteristics. In the case of leukaemic cells it might
answer the vexed question whether the basic abnormality is integral to the cell or imposed
by the environment, and enable biochemical studies to be performed on uniform cell
strains under simplified conditions of nutrition and respiration. Unfortunately, haemo-
poietic cells have proved very difficult to grow i1 vitro, and when surviving and proliferat-
ing cell strains have been obtained the resemblance to their natural counterparts in the
body has usually been remote.

The first attempts to grow bone-marrow cells in artificial culture were reported by Carrel
and Burrows (1910), who placed marrow fragments in hanging drops of clotted plasma,
and observed the outgrowth of spindle-shaped cells after 3 days’ incubation. The general
technique of growth in plasma clots either as hanging drops or in Petri dishes or Carrel
flasks was widely used by early investigators, chiefly with the object of elucidating the
process of haemopoiesis. The methods and results were reviewed by Bloom (r938). In
general, mature cells migrated out of the explant within a few hours and soon died, while
immature cells persisted longer without very clear evidence of maturation but showing
occastonal mitotic figures, only to disappear in turn after 6 to 8 days. Within a few days
most cultures contained predominantly long, spindle-shaped cells, often called fibroblasts,
or large irregular non-granular mononuclear cells, usually regarded as monocytes or
macrophages.

Awrorow and Timofejewsky (1914) used the plasma clot method to study i# vitro the
behaviour of leucocytes from the peripheral blood of patients with granulocytic leukaemia.
Stained paraffin sections were made from cultures after varying intervals of incubation.
Emigration of polymorphs and a few myelocytes was observed, while less mature cells
were thought to be transformed into *“ polyblasts” or macrophages, with increased amount
of cytoplasm, often vacuolated and containing phagocytosed material. Fibroblast-like
cells were also prominent, and these were considered to arise from myeloblasts. Trans-
formation of myeloblasts to myelocytes was not established, but some evidence of a mye'lo-
cyte to metamyelocyte differentiation was noted. From many further experiments, using
the same basic technique of leucocyte implantation in plasma clots, Timofejewsky and
Benewolenskaja (1927, 1929) concluded that macrophages and ﬁbrgblast-like ‘cells could
arise from the lymphocytes and lymphoblasts of c}'lronic Iymph_ocytlc Ieuk.aemxa, or from
haemocytoblasts or myeloblasts of acute and c}fmmc gran‘ulocync leukaemia, b'ut that.the
primitive nucleolated cells of acute myeloblastic leukaemia were also able to differentiate
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Kieler and Kieler (1954) useda hat to obtain proli jon of
mouse leukaemic cells in vitro. They set up cultures of fibroblasts from embryo mouse
heart on coverslips in roller tubes, and when satisfactory growth had taken place they
removed the central part of the original explant and replaced it with fragments of leuk-
aemic mouse spleen. The spleen cells multiplied within the capsule of fibroblasts, and
although cells migrating into the capsule tended to lose their identity and degenerate,
continued growth of leukaemic cells was achieved by transferring the spleen explant to a
new fibroblastic capsule each week. After 3 months the cytology of the leukaemic cells
remained uniform and inoculation into susceptible animals produced death from leuk-
aemia. The authors used this method in a study of the effects of amethopterin on sensi-
tive and resistant cells from mouse leukaemias. The drug acted principally as a mitotic
inhibitor, but all phnses of mitosis appeared to be equally affected, and the specific arrest
at hase observed in fibroblast cultures exposed to folic acid antagonists by Hughes
(1950) and Jacobson (1g52) was not seen. Significant inhibition of division was found at
concentrations of 0+0x mgm. amethopterin per ml. of fluid medium surrounding sensitive
cultures, whereas similar inhibition of resistant cultures required concentrations of 1 mgm.
perml. Cytoplasmic damage was observed only at very high concentrations and occurred
then to an equal extent in both sensitive and resistant cells. Exposure to amethopterin
in high doses for a week did not prevent either sensitive or resistant cells from producing
leukaemia when transferred back to mice. The experiments did not provide evidence of
amethopterin macmahon by resistant cel]s smce the drug concentration in the medium,
measured by bacterial i ition, was throug

Despxte the success of these several techni in p bli strains of leuk-
aemic or lymphosarcomatous cells from mice, the satlsfac!ory growth of human material
in vitro has continued to provide intractable problems. Fieschi and Astaldi (1946) at-
tempted to grow normal and pathological bene-marrow cells from man in a solid medium
consisting of coagulated human or chicken plasma with embryo extract, surrounded by a
liquid phase of human serum and Tyrode's solution. By renewing the liquid phase at
intervals of 3 or 4 days, fresh nutrient could be provided and products of cell breakdown
removed. There was initially active proliferation of myeloid elements and evidence of
ncomplete and atypical maturation of undifferentiated cells from normal marrow, with
formation of normoblasts or granulocytes, but within about to days fibroblast-like cells
had come to dominate the cultures and recognizable haemopoietic cells were few. The
behaviour of marrow cells from patients with chronic myeloid leukaemia was very similar
to that of normal marrow cells, with proliferation of myeloid cells and some limited and
irregular maturation for a few days, followed by overgrowth of fibroblasts. Cultures of
marrow from acute stem cell leukaemia showed a different picture, the primitive cells
disappearing after 5 to 6 days and being replaced by histiocyte cells rather than fibroblasts.
Fieschi, Cambiaggi and Sacchetti (1954) again confirmed the difference in behaviour
between the cells of acute leukaemias and those of chronic leukaemias, even when the
latter were in an acute, terminal, phase. When cells of acute leukaemia were cultured
in vitro their survival was longer than that of chronic leukaemia cells, relatively few fibro-
blasts appeared, and even as late as 16 days after the cultures were set up cells were clearly
surviving with “blastic” ch istics, The authors luded that there must exist a
clear genetic or metabolic difference between acute leukaemic cells and analogous cells
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De Bruyn, 1949; De Bruyn and Gey, 1952). The technique employed was rather elaborate.
Small pieces of tumour were explanted into roller tubes, in clots containing two parts of
chicken plasma, one part of 50 per cent mouse-embryo extract in T%od_e’_s;glnﬁm’ and(?
one part of 50 per cent chick-embryo extract in Tyrode’s solutiot The fluid medium
surrounding the solid phase consisted of three parts of Tyrode's solution to one part of
rat serum, since mouse serum proved to be toxic for mouse cells in culture. After 24 hours
many lymphoblastic cells had migrated into the liquid phase and these were sucked off,
centrifuged, and resuspended in fresh fluid medium. Single lymphoblasts were isolated
from a small sample of the suspension by successive dilution in drops of cell-free medium
on a mica coverslip at room temperature, using a micromanipulator and microscopic
observation during the process. When the desired isolation of a single lymphoblast in a
droplet on the coverslip had been achieved, a culture of mouse-embryo fibroblasts was
superimposed upon it and the whole fixed in position by a drop of coagulated chicken plasma
and embryo extract. After z or 3 days’ growth on the coverslip, cultures were transferred
to roller tubes and maintained for long periods. Subsequent observation revealed the
presence in most cultures of three cell types; round lymphoblast-like cells, larger than
lymphocytes, containing a large nucleus with a few nucleoli, devoid of peroxidase activity
or phagocytic power and having rapid motility with the characteristic ““hand-mirror”
appearance shown by lymphocytes and lymphoblasts during movement, due to the
nucleus being situated anteriorly and a short tail of cytoplasm trailing posteriorly; mesen-
chymal fibroblastic cells; and large phagocytic macrophages which were not always
abundant and usually disappeared within a short time. Intraperitoneal or subcutaneous
inoculation of susceptible mice with small numbers of isolated lymphoblast-like cells
readily produced fatal lymphosarcoma, but actively growing mesenchymal cells failed to
induce tumour formation when injected.

Prolonged survival of the cultures took place, and after more than z years actively
proliferating subcultures were still available for study. At this stage some cultures were
composed of mixed fibroblasts and lymphoblasts, growing in symbiosis, and capable of
inducing lymphosarcoma in inoculated mice. Others were made up of fibroblastic mesen-
chymal cells only, and these were unable to give rise to tumours in injected animals. A
third group of cultures contained lymphoblasts only, the fibroblastic elements having
disappeared, and for several months after the emergence of this apparently pure strain of
malignant cells, transmission to experimental animals was still followed by tumour
growth, though with increasing latent periods. A gradual change in cell morphology
occurred, however, with the appearance of large, sometimes binucleated, cells, and others
much smaller than the original lymphoblasts, resembling mature lymphocytes. After 4
or 5 months these cells proved incapable of provoking tumour formation and they re-
mained unable to do so even after subculture with added fibroblasts and embx_’yo extract.

These experiments of De Bruyn were not, of course, with strictly leukaemic cells, but
with the cells of a mouse lymphosarcoma, and it is particularly interesting that she has,
according to De Brion (1956), succeeded in obtaining a pure, maintained, culture of myelo-
blasts derived from a myeloblastic leukaemia of the mouse, and capable of survival and
ion in the absence of mesenchymal support. The cells preserved their morpho-

oliferat I ] heis
forgical appearance and remained able to give rise to leukaemic tumours in inoculated

animals.
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total and differential cell counts performed by these observers, some believing that a
patter of maturation in both normal and leukaemic cultures was discernible, others that
normal cells matured to a limited extent while acute leukaemic cells did not. Most workers
with this fluid medium technique are, however, agreed that its value in the study of
normal and abnormal leucopoiesis is greatly restricted by technical difficulties. Total cell
counts are made questionable by the difficulty of identifying viable from non-viable celis
in the hacmocytometer and by the almost invariable presence of cell clumps, and in some
cases the demonstrable adherence of nucleated cells, particularly monocytes, to the glass
surface of the culture vials makes the whole sarapling procedure of doubtful accuracy.
Furthermore, differential counts on samples from the cultures are most unreliable, since
a very high proportion of cells is disrupted during the preparation of smears and the
remaining cells, at least after the first few days, are erratically distributed and many of
them are morphologically so distorted as to be almost unrecognizable.

For short periods of study, however, the simple fluid medium technique does provide
suspensions of viable cells useful for testing the effects of physical or chemical agents, and
for short-term of certain bolic activities.

Osgood and Bracher (1939) irradiated i 1

P of d cells from normal human
bone marrow with X-ray doses of 50-2000 r, and observed the changes in cell numbers
during the next 7 days. Lymphocytes and early myelocytes decreased in numbers from
24 hours onwards even with doses as small as 50 r. With larger doses the cell decrease was
greater, roughly in proportion to the square root of the dose. Morphological changes in
irradiated cells were not conspicuous. Transfer of medium from irradiated to non-
irradiated culturcs did not cause a fall in the number of Iymphocytes and immature
granulocytes in the non-irradiated cultures, nor did replacement of the medium around
irmadiated cells alter their pattern of behaviour (Osgood, ¥942). An indirect effect of
X-rays, at least in vitro, was therefore excluded. Gunz (1949b) irradiated leukaemic cells
in vitro and found them susceptible to doses of X-rays within the therapeutic range. He
noted a temporary inhibition of mitosis with a decline in the number of immature forms,
varying in extent according to the size of the dose given. There was no evidence that the
X-rays damaged resting cells, the whole of the observed effect being explicable by action
on mitotic or pre-mitotic cells, Abnormal mitoses were produced if irradiation took place
some hours after the cultures were set up, but not otherwise,

The effects of chemotherapeutic agents have been studied in fluid culture systems.
Salis {1948) found that aminopterin in a concentration of 55 y per ml. produced little effect
on myeloid cells, but Gunz (19499), from a study of mitotic frequency, found aminopterin
to be a very powerful mitotic inhibitor, even in extremely low concentrations, producing
a complete absence of mitotic figures in the cultures, rather than arrest at some stage of
mitosis. The effect was not reversed by folic acid. Osgood and Chu (1948) added urethane
in concentrations of I in 40,000 to I in 200 to cultures of normal and leukaemic human
bone-marrow cells. An early but transient increase in mitotic activity occurred, followed
by the appearance of nuclear abnormalities, with altered chromatin pattemns, nuclear
fragmentation and some double nuclei. Gunz (x949b) found comparable effects only at
concentrations around I per cent, and thought this action of urethane in wifro to be
a direct one on resting cells, probably not providing a parallel with the clinical action
of the drug. Both Gunz (1949%) and Osgood and Chu (1950} studied the effect of

x
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from normal o chronic leukaemic marrow including the primitive cells present in acute
phases of chronic leukaemias, Nevertheless, these workers did not succeed in establishing
maintained cultures of any cell strain from notmal or acute or chronic leukaemic haemo-
poietic tissue.

Among other methods used in the attempt to grow human leucocytes on solid media
were those of Pierce (1942), who inoculated the chorioallantoic membrane of developing
chicks with leukaemic cells, but obtained no definite evidence that the explanted cells
were surviving, and of Plum (1952), who impl d normal and leukaemic human marrow .
in the antetior chamber of the eye of rats, and, after varying intervals, found only mature
polymorplioiitcladr cells present. Although Plum interpreted his results as evidence of
nonmal maturation of leucocyte precussoss, whether leukaemic or not, his findings conld
equally well be due to a mild infl tory reaction following death of the implanted cells.
Equally unsuccessful in giving long-term survival, but enabling direct phase-contrast
microscopic studies to be made, was the agar-sutface technique used by Pulvertaft and
his associates {Pulvertaft, 1952; Pulvertaft and Jayne, 1953; Humble, Jayne and Pulver-
taft, 1956). In this method, marrow {fragments or pieces of tumour tissue were placed on
a plane surface of 3 per cent serum agar on a glass slide, and a coverslip supported on four
pillars of soft wax was gently lmve;iﬁmmmmﬁ%i ‘the Agar
was just distorted. The edges of the preparation were sealed with wax to prevent drying.
Direct microseopic ination of various fignant cells and marrow flecks revealed
active amaebaid movements and mitotic activity for periods up to 14 days, but haemo-
poietic cells tended to degenerate without much evidence of proliferation or maturation
{Thomas, 1956}. .

In all the methods itherto described, solid nutritive media, have been provided in or
upon which cells rmght grow and spread with physical support. The possibility that satis-
factory growth might occur on simple glass surfaces or in a fluid medium has not, however,
been neglected. Culture in finid media would have the advantage that total and differential
cell counts of samples, representative of the whole, could be obtained, and a Ieasqnable
quantitative assessment made of changes in numbers of cells present dusing the period of
culture. Moreover, the cytological features could be studied in films prepared and stained
by conventional haematological methads. .

Osgood and Brownlee (1937) first described a simple method for the propagation of
‘bone-marrow cells in a fluid medium in vaccine bottles. Marrow was aspirated into a
citrated salt solution, and the nucleated cells were separated by centrifugation and re-
suspended in a medium composed of 33 per. cent human mbilical-cord serum and §5 per
cent Gey's salt solution. The <ell suspension was adjusted to a final concentration of
1,000-2,000 fiucleafed cells per cu. rum. and incubated in small, rubbes-capped, vaccine
vials, Saraples for counting and preparation of stained simears were \Vltthgira\vn at intervals
with a needle and syringe, and the medium could be changed in a Su‘f'll’ar way after the
cells had been affowed to settle. The method, with varicus minor smodifications, W:?S later
used by many investigators {Israkls, 19404 and b; Gunz, 19484 and b{ 10494 anc.l b; Hoog-
straten, x949; Lajtha, 1950, 1952; Smith.vx95z B plackbum and Lajtha, 1954; Thox:{a;,

1956). In no case was continuous Cultivatmz‘) achxeyed and {hc'mle of cell_ degeneratio
clearly exceeded any proliferation or maturation taking glace. Fi bro‘blasts' did ‘;mt‘ ;}75::;
and macrophages were only occasionally reported. Various deductions were dra
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in question forming the bottom of the culture chamber. Smaller vials have also been use'd,
with a microscope slide sealed to the open neck of the vial, the w?lole being incubated in
an inverted position. Cell growth occurs on that portion of the slide forming the bottom
of the culture chamber, and removal of the slide enables phase-contrast or stained prepara-
tions to be made. 3

Osgood and Brooke {1955) reported the successful establishment of continuous cultures
from peripheral-blood cells of three leukacmic patients. After 296 days i vilro, cells
derived from a patient with subacute monocytic leuk ia were predominantly like
reticulum cells, although many fibroblast-like cells had earlier been present. Occasional
giant cells were also present, and some lymphocytic and erythroblastic forms were seen.
After 60 days, a culture of cells from chronic myeloid leukaemia showed some rather
distorted granulocyte precursors, but also many fibroblast-like *‘monocytes”. All these
cells are clearly very considerably different from haemic cells normally seen in blood or
bone marrow, but le the ph * and “'fibroblasts " long known to develop
in cultures on solid media.

Berman and his associates (Berman, Stulberg, and Ruddle, 1955; Stulberg, Berman and
Rudadte, 1936) have also isolated strains of cells from human marrow, capable of continued
growth and readily subcultured. Their method did not involve the calculation of a gradient
factor, but was otherwise rather similar to that of Osgood. Cells were grown on the glass
surface of 3-ounce medicine bottles, placed on their flat sides, in a fluid medium containing
balanced salt solution, human cord serum and embryonic tissue extract. The cultures
were observed to pass through three phases, similar to those seen earlier in plasma clot
cultures. In the first phase myeloid cells were still identifiable and showed some mitotic
activity, but their numbers declined steadily. Large, round, monocytoid or histiocytic
cells predominated in the second phase, many becoming attached to the glass, Finally,
palisades and networks of spindle-shaped cells bling fibrobl: and capable of
indefinite propagation spread widely over the whole culture field. Among these cells there
later appeared, on a few i certain persi strains of epithelial polygonal cells,
arranged in mosaics, not unlike the Hela cells derived by Gey and his co-workers from a.
carcinoma of the cervix (Gey, Coffman and Kubicek, 1952).

McCulloch and Parker (1956) hasized the striking morp 1 alteration invari-
ably taking place in haemic cells cultured » vitro before vigorous prolferation and con-
tinuous cultivation could be achieved. In their view, both the “Oregon” strains isolated
by Osgood and the ‘“Detroit " strains isolated by Berman consist of these ““altered” cells,
In their own experiments continuous cultivation proved possible with cells derived from
lenkaemic Jeucocytes, normal and leukaemic bone marrow, and the bone marrow of rats
and mice. Cultures were started by adding whole blood or marrow directly to Carrel flasks
containing a chemically defined medium, with heparin asan anticoagulant. After 24 hours’
incubation the leucocytes adhered to the glass and the red cells could be aspirated. The

medium was then supplemented with 20 per cent horse or buman inactivated serum.
The specific characteristics of leucocytes were lost within 24 hours, the cells left sticking
1o the glass ]aeing devoid of specific granules and having a large nucleus and scanty cyto-
plasm. During the next 2 to 8 weeks these cells showed little change apart from spreading
over the glass surface, developing more cytoplasm and exhibiting some pleomorphism. The
nucleus generally remained central, with one nucleolus, but mitoses were not infrequent




138 THE LEUKAEMIC CELL

nitrogen mustards on leukaemic cells #n zifro. Mitotic inhibition and the appearance of
abné)rmal mitoses were observed when concentrations within the therapeutic range were
used.

Short-term fluid cultures have been used for metabolic studies by Osgood and his
associates (1951), who followed the incorporation of P2 jnto DNA of human leukaemic
leucocytes. A small but significant uptake was observed in cultures of acute lymphatic
leukaemic cells maintained in culture for 11 days. Lajtha, Oliver and Ellis (1g54) similarly
studied the uptake of P32 and C** in marrow cultures. The blast cells of acute leukaemia
were found to have a growth rate much slower than that of promyelocytes and myelocytes
of normal marrow, but the rate of DNA synthesis appeared to be the same in cells of the
same degree of maturity whether from leukaemic or normal marrow.

Differences in mitotic activity and rate of growth in fluid media containing leukaemic
instead of normal serum have not been convincingly demonstrated. Smith (1952) found
increased mitotic activity in a marrow culture from one case of acute leukaemia when the
cells were incubated in leukaemic serum, but Hoogstraten (1949) and Blackbum and
Lajtha (1954) found no difference in the effect of leukaemic as compared with normal sera
in fluid medium cultures.

In more recent years, claims to have achieved continuous, long-term cultivation of
human blood and bone-marrow cells have been made, Osgood and his associates (Osgood
and Krippaehne, 1955; Osgood, 1955; Osgood and Brooke, 1935) introduced a fluid
medium technique involving a “*gradient ” principle, by which the cell concentration and
the depth of the cells below the surface are regulated to achieve an optimum for each cell
type. The necessary adjustment is determined in the following manner. Heparinized
blood or marrow is centrifuged at 4°C. until most of the red cells are deposited, the super-
natant plasma containing the nucleated cells is aspirated into another tube, and the cells
are centrifuged free from plasma, washed, and resuspended in culture medium made up
of 20 per cent human pleural fluid, 30 per cent Difco TC19g and 50 per cent of an acetate
balanced salt solution. About 170 ml. of a cell suspension containing between 1,000 and
4,000 cells per cu. mm. are placed in a wide-mouthed, screw-capped, *“ French square”
bottle of one pint capacity, containing a sterile standard microscope slide, slanting across
the bottle at an angle of 45 degrees to the horizontal, the upper extremity being just

covered by the medium. Four to five per cent CO, is added to the air above the c}xlture
to give a pH of 7-4. The culture is then mixed thoroughly and left undisturbed in the
incubator. Cells are gradually deposited on the slide, in increasing numbers from top to
bottom, so that, after a short interval, there will be found small numbers of cells, close to
the surface of the medium, at the upper end of the slide, and larger numbers, further away
from the surface, at the lower end, with a steady progression in both cell density Fmd depth
from the surface between the extremes. At intervals of several days the culture is sa.mp}ed
by removing the slide for staining, mixing the contents of the uﬂtureibot'tle_ and asplratm'g
1—2 ml. of the resulting cell suspension for counts. A new sterile slide is inserted at .thxs
time. The “gradient factor” is calculated by multiplying the cell count .of the mufed
culture in thousands per cu. mm. by the depth in cm. of the medium uvex:lymg the reglm;
of best growth on the slide. This gradient factor is then used to determine the de}?th 0f
medium appropriate for optimal cell growth to occur over the whole of one lall;get ;uie. g
a rubber-capped rectangular hard-glass bottle used as a long-term culture flask, the side
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After growth in sponge-matrix all six strains proved indistinguishable from one another
in histological sections,

I'n vitro culture methods have therefore failed to establish whether the leukaemic cell
is inherently mahgn:mt e).cept m the case of certain animal “leukaemias”. They have
also been ined growth and proliferation of leukaemic or
normal cells from human blood or m;u'row, since the strains capable of continuous growth
bear only a remote relationship to their parent cells. Perhaps the most important result
of all these studies has been the absence of any sharp or consistent difference between the
behaviour of leukaemic and normal leucocytes in culture, whether in their initial capacity
for differentiation, their early mitotic activity, their tendency to die out, their overgrowth
by histiocytic or fibroblast-like elements in solid media or on glass surfaces, or in their
eventual transformation into established ““altered” cells.
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an_d oceasional giant cells with many nuclei were formed, Despite the occurrence of
ﬂu.h’\ e _ccll bers gradually declined, and in some cases the cultures died out during
this period. In other cultures, however, a sharp alteration in appearance and behaviour
of the cells took place after 2 to 8 weeks” incubation. The new cells had a dense and plenti-
fu) cyt_oplasm, and a nucleus with irregular clumps of nucleoplasm. They were pleomorphic,
rounding up before mitosis and spreading out when in a resting phase. They multiptied
rapidly and soon covered the bottom of the Carrel flask, and could be seraped from the
glass, washed, subcultured and maintained in vitro indefinitely. Morphologically similar
strains of altered cells were isolated from the blood of eight patients with acute myeloid
leukaemia, one with subacute myeloid leuk fa and one with chronic myeloid leukaemia,
but the cells of chronic myeloid leukacmia usually died out rapidly, Cultures of acute and
chronic lymphocytic leuk ic cells were ful

Bone-marrow cultures differed from those of peripheral blood in that the prominent
carly cell was large and spindle-shaped and able to survive and muitiply for very long
periods, while the dramatic appearance of altered cells tended to occur much later, after
3 to 6 months’ continuous cultivation. Cultures of bone marrow were almost invariably
successful and cell strains were produced from levkaemias, multiple myeloma and normal
marrows. No differences could be seen between the established strains of altered cells
derived {rom cultures of normal or leukaemic marrow. .

The nature and relationships of these cells remain uncertain. Repeated attempts to
produce malignant changes in animals by injection of altered cells have not been success-
ful, despite the remarkable capacity for proliferation shown by the cells i vitro. Although
different strains of altered cells are often morphologically similar, there is evidence that
they retain an antigenic and functional relationship ta their ancestor cells. McCulloch
and Parker found that species-specific antibodies were produced jn rabbits by repeated
injection of altered cells derived from human leucocytes. They also showed that some
degree of protection from the lethal effects of irradiation could be brought about by
intravenous injection of aitered cells into experimental mice. Further information was
gained from experiments similar to those of Nowel] and his associates (1956), utilizing the
fact that rat leucocytes contain alkaline phosphatase, whereas those of the mouse do not.
‘When irradiated mice were treated with intravenously injected altered cells derived from
rat marrow, alkaline phosphatase positivity was detectable in the cells of spleen and
marrow after § to 19 days, although the altered rat cells were themselves phosphatase-
negative. The appearance of phosphatase positivity was much slower and the reactions
less intense than after the injection of fresh rat-marrow cells, but the altered cells clearly
retained a latent capacity to manufacture the enzyme and presumably to participate in
recolonization of the irradiated marrow.

The transformation of cells from blood or marrow when grown in vifro is not a pheno-
menon peculiar to haemic tissue, and similarly altered cells derived from other tissue’s,
normal or malignant, may bear a close resemblance to one another and to altered myeloid
cells, This feature has become increasingly apparent as more isolated cell strains have
been developed. Leighton and his i (1957), for pl pared three estab-
lished malignant cell strains from human tumour t|§sue, one being O§gocd s J-g6 Oregon

n of monocytic leukaemia, with two “normal” human cell strains and one cel} line
logically malignant transformation from aormal connective tissue.

strai
arising as a morphol
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energy and of the physical and chemical consequences of ionization has not yet been

btained, althougha iderable weight of experimental evidence bearing on the problem
has d. Detailed di ion of this work may be found in many review articles
and monographs, such as those of Allsopp (1944), Lea (1946), Gray (1946), Bacq :_md
Alexander (1955), and Ellinger (1957). Among the chemical changes of obvious biological
importance that have been widely studicd i vitro are those occurring in water and aqueous
solutions, amino acids, proteins, nucleic acids, and enzymes.

The efiects of X-rays on water were studied by Duane and Scheuer (1913), who concluded
that decomposition into hydrogen and oxygen took place, part of the oxygen remaining
in combination with water as hydrogen peroxide. A series of investigations by Risse and
by Fricke and his associates showed that X-rays failed to induce the formation of hydrogen
peroxide or hydrogen gas in pure water free from dissolved air or other impurities, although
the water became chemically activated, probably by splitting into H and OH radicals
(Risse, 19292 and &; Fricke and Brownscombe, 1933; Fricke, 1935; Fricke and Hart,
1936). Dainton (1948) has confirmed the existence of OH radicals in irradiated pure water,
but the formation of H atoms still remains suppositious, and the number of free radicals
produced by a given dose of X-ray has not been determined. In the aerated solutions of
chief biological interest there seems little doubt that OH and HO, radicals are formed and
that reduction of the latter with formation of hydrogen peroxide readily takes place. The
oxidizing and dehydrogenating capacity of these radicals may explain certain of the
changes which many organic substances have been found to undergo when irradiated in
aerated aqueous solutions, since these changes usually involve oxidation and release of
hydrogen.

Amino acids dissolved in water are usually deaminated by X-irradiation whether oxygen
is present or not, the alph: ino group being probably replaced by an OH radical; amino
groups in other positions are not commonly affected. Changes in cysteine and glutathione
are of particular interest in view of the special importance of these amino acids in leucocyte
metabolism (see Chapter 6). Kinsey (1935) initially described the radiochemical destruc-
tion of glutathione. Barron and his associates (1949) claimed that oxidation of —SH
groups to disulphide was the major radiation effect, but Dale and Davies (1951) showed
that hydrogen sulphide was also formed, the yield varying with pH. Deamination of
these sulphydryl compounds does not occur, although the related amino acid cystine is
deaminated.

Little precise chemical information is yet available about changes in the amino acid
composition of proteins after ionization, but certainly extensive chemical and physico-
chemical alterations take place within the protein molecule. Nearly all proteins are de-
natured and can be precipitated at the isoelectric point, while changes in viscosity,
refractive index and other physical properties occur. Most experimental evidence is con-
sistent with the hypothesis that the free radicals of activated water bring about the
transformation 2{ the protein molecule by splitting the peptide chain or causing unfolding

and an i d to ion, with the production of some smaller molecules
and some of increased molecular weight.

Irradiation of DNA solutions leads to a sharp d in their ch
viscosity (Sparrow and Rosenfeld, 1946), a change due to d pol.
of main-chain bonds (Taylor, Greenstein aud Holtaender, 1948).
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CHAPTER 9
GENERAL PRINCIPLES OF THERAPY IN LEUKAEMIA

I. Radiation by X-rays and Radioactive Isotopes

THE efficacy of X-rays in the treatment of certain forms of leukaemia and allied diseases
was demo_ns.trated early in this century (Pusey, 1goz; Senn, 1903), and for nearly fifty
years rac_lxahm? therapy provided the chief means of control in chronic leukaemias. Acute
Ieukgen_uas falled to respond and were sometimes exacerbated by X-ray treatment.
R in chronic leuk ias were often very complete but relapse invariably
occurred, and, indeed, statistical surveys on large numbers of treated and untreated
patients showed that therapy did not greatly prolong life, although incapacity was much
reduced during the years of survival (Minot, Buckman and Isaacs, 1924; Hoffman and
Craver, 1931).

Satisfactory clinical and haematological remissions in chronic leuk ias have also been
brought about by internal irradiation with radioactive phosphorus (Lawrence, Scott and
Tuttle, 1939), but reduction of splenomegaly and Iymphadenopathy is less well achieved
than by external irradiation (Reinhard ef al., 1946). An advantage of radioactive isotope
treatment is the freedom from symptoms of radiation sickness, but, nevertheless, extemal
irradiation has generally been preferred.

The striking ability of irradiation, whether external or internal, to induce remissions
in chronic leukaemias but not in acute ones, the development of general remissions after
irradiation of quite small areas, the eventual production of a resistant state, and many
other phenomena observed during the clinical management of leukaemic patients have
stimulated a wealth of experimental work on the mode of action of radiations in leukaemia.
It is appropriate here to review these studies briefly against the general background of
knowledge of the biological effects of radiation, and to discuss recent attempts to combine
massive radiation destruction of haemic tissues with protective transplants of haemo-
poietic cells.

logical effects of ionizing radiation

The general effects of exposure of cells and tissues to electromagnetic radiations such
as conventional X-rays or gamma-tays, or to corpuscular emanations such as alpha- or
beta-particles, are qualitatively very similar, and depend upon changes resulting from the
absorption of radiant energy within the cells, with the production of electrically charged
atoms and molecules. Different types of radiation vary in their ability to penetrate tissues
and in the extent to which they stimulate the formation of charged particles or ions,
properties which appear to be reciprocally related, the most penetrating mdiation§ having
the lowest ionizing power, but the biological consequences of ionization, however mdus:ed.
are much the same. A full understanding of the molecular changes caused by radiant
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cells contribute to the develop of nuclear di ions (Duryee, 1939, 1949). Cell
death may result from interference with vital metabolic processes leading to premature
senescence, or may follow upon nuclear damage or the induction of lethal mutations. Very
high doses of radiation produce immediate coagulation necrosis.

When tissues in the intact animal are irradiated the direct effects on cells within the
beam are supplemented by indirect radiation effects in neighbouring tissucs whose blood
supply has been injured by direct action. The cell degeneration resulting from damage
to the blood supply is most prominent in actively proliferating tissues, but affects also
resting and differentiated tissues, and in this respect the indirect action of radiation is less
selectively exerted upon dividing cells than is the direct action. A further manifestation
of radiation damage in the intact animal is a constitutional effect, radiation shock, result-
ing from the widespread circulation of toxic substances produced by the breakdown of
cells directly exposed. This effect is indiscriminate in distdbution.

Very wide differences exist betwcen the relative cytological and functional responses
made by various cells and tissues to a given dose of radiation. Bergonié and Tribondeau
(1906} formulated a general law of fundamental importance, that “les rayons X agissent
avec d’autant plus d'intensité sur les cellules, que I'activité réproductrice des cellules est
plus grande, que leurs devenir karyokinetique est plus long, que leur morphologie et leurs
fonctions sont moins definément fixées”, This law generally holds true for all types of
radiation; the sensitivity of cells is proportional to their mitotic activity and inversely
proportional to their degree of differentiation, at least in so far as related cells having a
common derivation are concerned. Different tissues of distinct origin and more remote
relationship show varying degrees of radio-sensitivity, less clearly in accord with their
relative reproductive activities and state of differentiation, Extensive observation of
radiation effects in man suggests that different cell types may be arranged roughly in the
following arder of d ing sensitivity: lymphoid cells, other h: poietic cells, includi
eyt yelobl locytes and megakaryocytes, epithelial cells, endothel-
ium, connective tissue, bone cells, nerve and brain cells, muscle cells. The blood-forming
organs are thus the most radio-sensitive of tissues, and the changes occurring in them after
irradiation have been the subject of numerous investigations both in experimental animals
and in man.

Effects and mode of actien of X-rays on normal and leukaemic haemopoietic
tissues

In a series of detailed reports, Heineke (1903, 19044 and &) described the destructive
effects of radiation on cells of the thymus, spleen, lymph glands and bone marrow in the

intact animal. Nuclear tion and py were app within a few hours
after exposure and reached a maximum at about 1z hours, the cells involved being
lymphobl and] hocytes and, less i 1y, all other cells. Thymus,

spleen and lymph glands shrunk greatly as a result of the destruction of lymphatic tissue,
and a progressive depopulation of the bone marrow was observed, terminating in complete
aplasia after 5 or 6 days. When sublethal doses were used, a phase of hypoceltularity was
followed by regenerative activity after the sixth day with return to normalin 2 to 3 weeks.,
These fundamental studies were subsequently confirmed by many workers. Among a
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solvent water are probably again responsible for this reaction. Itis likely that comparable
depolymerization of RNA may also be brought about by radiation (Grinnan and Mosher,
1951), and that radiosensitivity of nucleic acids #» vivo is at least as great as i vitro
(Limperos and Mosher, 1950).

Most enzymes are inactivated by jonizing radiations, an effect which takes placein a
consistent manner when purified enzymes are used in aqueous solution. The studies of
Dale (1940, 1942, 1943) showed that, in these circumstances, the extent of inactivation
was proportional to the amount of radiant energy absorbed by the whole solution. Thus
a given dose of X-rays inactivated the same total amount of enzyme whether in high or
low concentration in the solvent water, a state of affairs most readily explicable as a con-
sequence of the action of free radicals derived from activated solvent. Barron and his
associates (1949) regarded oxidation of sulphydry! groups by OH and HO, radicals as the
mechanism of inactivation of enzymes containing—SH groups, such as phosphoglyceralde-
hyde dehydrogenase, ad inetriphosphatase and inoxidase, since these
could be reactivated by the addition of glutathione. Glutathione in high concentration
was also shown to protect ribonuclease from inactivation by radiation (Holmes, 1930).
The doses of radiation used in many of these experiments on enzyme inactivation % vitro
were within the therapeutic range, but the extent to which similar inactivation takes
place in vivo is undetermined. Simple comparisons are clearly impossible since the test-
tube conditions, with pure enzymes in simple aqueous solution, differ so greatly from those
in living cells, with the enzymes in a remarkably complex metabolic environment. Indeed,
few changes in general enzymatic and metabolic activity have been observed to occur
consistently immediately after irradiation in vivo. After minimal lethal doses of X-rays
an increase in both anabolism and catabolism has been found in haemopoietic tissues
(Rich d, Altman and Sal 1951; Altman et al., 1951). Klein and Forssberg (1954)
and other investigators have reported that DNA synthesis is inhibited by moderate doses
of radiation, whereas the synthesis of RNA and of other proteins is unaffected. There is
evidence that the inhibitory effect on DNA formation may not be due to direct inter-
ference with any particular step in the synthetic process, but may result from disturbance
of some cellular mechanism during the resting presynthetic phase (Lajtha, 1957). Ab-
sorption of carbohydrates, fats and proteins continues, and cell respiration and glycolysis
are normal. Biochemical lesions produced by radiation in wvitro have therefore not yet
been correlated with those caused ¢ vivo.

‘When living cells are irradiated the most obvious morphological and functional'eﬁe'C’ES
are observed in the nucleus and in the process of cell division. Low doses appear to {n%ll.blt
mitosis for a period, while increasing doses produce a more complete mitotic inhibition
followed by chromosomal degenerations of several kinds. Perhaps as a result of de,poly-
merization of nucleic acids the chr exhibit i d sticki anda
to clumping and pycnosis. Breaks in chromosomes or in separated ch{omatxds a!so oceur,
and subsequent recombination of fragments may involve tra.r{slocahons, delet.xons, and
other genetically important phenomena. Gross nuclear pycnosis or karyorthexis may be
found in resting cells, but cell sensitivity is much enhanced during the mitotic phases.
The mechanism of chromosome breakage is still obscufe, but a .bmchemgcal eg(planahog

is more likely than a mechanical one. Isolated cell m}clez are relatively m(!xo-l;ieisx:t:;n_t, ta::: d
it seems probable that toxic substances produced in the cytoplasm of irradiated inta
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evidence of the importance of indircet effects. Good remissions in chronic myeloid leuk-
aemia can be brought about by irradiation of the spleen alone, and both the peripheral
leucocyte count and the bone-marrow differential cytology return towards normal
(Parsons e/ al., 1954). The extent and duration of remissions in chronic leukaemia following
X-ray treatment seem to be much the same whether treatment is given to the spleen
alone, or to the spleen and long bones, or to the whole body (Hoffman and Craver, 1931;
Medinger and Craver, 1942). The disappearance of distant leukaemic infiltrations,
retinitis and priapism, and reduction in lymph-node enlargement have frequently been
observed to follow local splenic irradiation and these effects must clearly be due to an
indirect mechanism. Direct damage to circulating leucocytes or to leucopoietic tissue may
certainly occur as a result of local exposure of the spleen or other regions of the body.
During the period of irradiation of any organ a substantial part of the circulating leucocyte
mass is likely to pass through it and may undergo changes of greater or less degree.
Blotner and Sosman (1944) found a drop in the leucocyte count after irradiation of the
praecordium over the left ventricle, and Abels ef al. (1941) reported a rise in the organic
acid-soluble phosphate content of leucocytes in leukaemia after similar X-ray treatment
to the praecordm. It 15 difficult in experiments such as these to exclude exposure of
some haemopoietic tissue in sternum, ribs, or vertebrae, but it appears likely that a
chemical change in leucocytes, perhaps due to interference with nucleoprotein metabolism,
is caused directly by irradiation of the large volume of blood passing through the heart
during the time of exposure. Nevertheless, direct action of this kind does not provide
™ 1

an acceg ion for the jon of distant leuk ic deposits and the general
change in leucopoietic activity after irradiation of relatively small areas.
Attempts to demonstrate the existence of toxic sub inimical to Jleul

proliferation, circulating widely throughout the body after local X-ray treatment have
not been convincingly successful. When healthy animals were injected with serum from
irradiated animals or leuk ic patients no i leucocyte changes were found
{Klieneberger and Zoeppritz, 1go6), although some observers reported transient lenco-
penia (Grawitz, 19o4; Capps and Smith, 1go7). The effects of irradiating one of a pair of
parabiotic animals were studied by Zacherol (1926) and by Barmnes and Furth (1943).
Severe radiation effects, with terminal aplasia, were found in the exposed partner, and
similar though less severe changes occurred in the unirradiated partner after a short delay.
The authors attributed these changes to humoral factors, Lawrence, Valentine and
Dowdy (1948) set up carotid artery anastomoses between pairs of cats shortly before, or
at varying intervals up to 82 hours after, irradiation of one partner. Cross-circulation was
maintained for periods of 2 to xo hours. Detailed haematological studies on the unexposed
animals were carried out for 28 days after the start of the experiment, and 1 no case was
there a significant fall in the leucocyte count or other evidence of deleterious indirect
radiation effect, despite the fact that the dosage employed resulted in the death of the
exposed cats within 4 to 7 days. The operative p dure of blishing c irculation
1nduced the expected leucocytosis for a few days and this was observed to be more marked
in some animals whose partners were irradiated immediately before or after the operation.
This was the only change noted which might have been secondary to the circulation of
metabolites derived from tissue breakd The authors luded that the of
a specific indirect radiation effect on the haemopoietic system, mediated by circulating
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number of excellent review articles and monographs covering this field of research are
those of Selling and Osgood (1938), Warren and Dunlap (1942), Denstad (1943), Bloom
(1948), and Ellinger (1957). Some confusion arose in interpreting the earlier studies because
various animal species, differing at Jeast quantitatively in their response togivenexposures,
were used, and because cytological comparisons between biopsy and post-mortem materials
were not easy, particularly since the classification and recognition of precursor cells of the
haemopoietic system were often in dispute. The failure of many early workers to recognize
primitive basophilic erythroblasts, for example, led them to consider erythropoietic cells
as radio-resistant, since haemoglobinized erythroblasts were not readily destroyed. When
primitive erythroblasts were distinguished from early lymphocytic and myeloid cells,
however, they were found to be at least as sensitive as granulocyte precursors or mega-
karyocytes. A further problem concemed the production of radiation effects in haemo-
poietic organs by total-body exposure as compared with local irradiation. The general
range of cell destruction brought about by the two methods was qualitatively the same,
but with equal doses much greater effects followed total-body irradiation, indicating the
importance of indirect action in the overall response of the intact animal. The indirect
effect was also manifest in hypoplastic changes occurring in haemopoietic tissues not them-
selves directly exposed (Le Blond and Segal, 1942). L.

In view of the difficulties in separating direct and indirect effects i1 vivo, and in view
also of the small number of observations possible in healthy human beings, attempts have
been made to assess the radio-sensitivity of normal human blood and bone-marrow cells
n vitro. The studics of Osgood and Bracher (1939), of Osgood (1942), and of Gunz (194Q).
described in Chapter 8, showed that X-ray doses within the therapeutic range acted in
vitro principally by inhibiting mitosis in haemopoietic cells. Indirect action by substances
released in the medium could not be clearly demonstrated, and mature and resting blood
cells were radio-resistant. The rapid fall in the peripheral leucocyte count found so often
after local or whole-body exposure to therapeutic doses has, of course, long been thought
to be secondary to some action other than direct leucocyte destruction (Lacass'ag{w and
Lavedan, 1924; Jolly, 1925). Possible mechanisms include damage to leucopoietic cells
{Aubertin and Beaujard, 1605), the action of toxic materials formed elsewhere (Helber and
Linser, 1905; Zwerg, 1932) and the emigration of white cells from the blood (Trowe}L
1952). These secondary mechanisms must all be borne in mind when the effects of radia-
tion in leukaemia are considered.

From the studies of radiation effects on normal animals and tissues, discussed above,
it might be expected that ionizing radiations would influence leukaemic processes bya
direct action on the actively proliferating leukaemic cells in the sites exposed a{xd by an
indirect action on more distant cells due to alteration in their ch_emical cnwro{\r'ngnt
resulting from release of tissue breakdown products into the circulation. The Sf.nsxtlvxtg
of leukaemic cells 7 vitro to direct radiation in therapeutic doses has been c:stablxshcd an
it has also been shown that cells derived from an irradiated lcukf;emxc patient may have
diminished proliferative ability in culture (Gunz, 1949): Leukaemic cells appear to be m::e
radio-sensitive than normal celis of comparable maturity (Osgood, 1940}, while among .ée
leukacmic leucocytes the least matu}'e appear most sensitive, in agreement with Bergoni

and Tribondeau's law (Piney and Riach, 1932).

The clinical and haematological response of irradiated lenkaemic patients provides
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Haemopoletic recovery after irradiation in leukaemia

The of 1 logical remission after radiation has checked the leukaemic
overgrowth depends upon the ability of residual normal haemopoietic cells to resume full
activity, repopulate the marrow, and produce normal cells for release into the circulating
blood. This is a paramount requirement, and the failure to achieve remissions in acute
leukaemia after radiation-induced destruction of the highly sensitive leucoblastic tissue
appears to be due to an inability of such normal cell precursors as remain to resume their
haemopoietic role, so that an aplastic, thrombocytopenic state ensues and the patient is
clinically no better and perhaps worse.

The eventual failure of radiation in chronic leukaemias that responded initially remains
unexplained. As in the case of resistance to chemotherapy, some alteration in metabolic
processes within the leukaemic cells may occur, rendering them less susceptible to the
chemical basis of radiotherapeutic action, The increased doses then necessary to achieve
an effect on the leukaemic cells are too large to spare normal haemic cells, and continued
radiation therapy becomes impracticable. This problem is of course fundamental in the
successful use of radiation in whatever therapeutic sphere; damage to malignant cells
must be brought about without gross concurrent damage to normal tissues, a requirement
more difficult to satisfy in diseases of the blood-forming organs than in most other regions
because of the high radio-sensitivity of normal haemopoietic cells. Recent studies of
protection against radiation damage and of methods enabling recovery from otherwise
fatal irradiation to take place are therefore of the highest potential importance in the field
of leukaemia. These studies, reviewed in Chapter 4, established that recovery took place
as a result of recolonization of haemopoietic sites, whose cellular contents had been
destroyed by radiation, by haemic cells from a screened organ or from a donor animal.
Attempts to apply this work to the practical therapy of leukaemia in animals and man are
being actively pursued at present and a few preliminary results have already been reported.

Hollcroft, Lorenz, Congdon and Jackson (1953) first used lethal doses of X-rays followed
by bone-marrow injections in the treatment of experimental leukaemia in guinea-pigs.
The method was unsuccessful, although these workers did obtain some apparent cures of
localized lymphosarcoma in mice by a similar technique. Barnes ¢t al. (1956) worked with
a lized lymphoid leuk ia of the CBA mouse which could be transmitted by
intravenous or subcutaneous cell passage. One week after inoculation with leukaemic cells
mice were given an X-ray dose of g5o rad, being the LDg8 for normal CBA mice, and then
treated with intravenous injections of isologous myeloid tissue (from the same inbred
strain} to allow lonization of h poietic and Iymphopoietic tissue to take place.
The animals recovered from the acute effects of radiation, but the leukaemic cells had not
been entirely eradicated, and death from generalized leukaemia occurred after about a

month. When, however, comparable mice were irradiated over 25 hours with the larger
dose of 1,500 rad, and then given isologous myeloid tissue, 23 out of 35 animals were still
surviving after 3 months. In further, more extensive experiments, Barnes and Loutit
{1957) explored a second possible approach to the successful treatment of murine lenk-
aemia. Their earlier studies had presupposed that leukaemic cells were more radio-
sensitive than normal lymphocytes or bone-marrow cells and might be completely
destroyed by an LDg8 X-ray dose, recovery then being brought about by injection of
isologous bone marrow or infant spleen. This had proved not to be the case, and excessive
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toxins, was disproved by their experimental results, although admitting that more pro-
longed cross-circulation might have permitted additional changes to emerge. Several
workers have'used #n-vitro methods in the search for leucotoxic activity in the plasma
of irradiated leukaemic patients, by observing the effect of such plasma on normal or
leukaemic cell suspensions and comparing it with that of plasma from unirradiated leuk-
aemic patients and from normal subjects (Capps and Smith, 1907; Billings, 1922; Gunz,
1949). Some evidence emerged in favour of leucotoxic activity, but most of the experi-
mental results were difficult to interpret clearly and no firm conclusions could be drawn.

While no proof of the production of leucotoxins by irradiation has been forthcoming,
there is experimental support for the mediation of some indirect effects by hormonal or
other physiological mechanisms. Selye (1946) emphasized that many of the metabolic
changes observed after radiation were similar to those following other injurious stimuli,
such as traumatic shock, bumns, and exposure to cold or excessive heat. In each case
hyperglycaemia, rise in bleod ketones, fall in blood cholesterol, increase in blood non-
Pprotein nitrogen, and changes in acid-base balance occurred. Selye regarded these changes
as attributable to a non-specific stimulation of the pitnitary-adrenal cortical system.
Increased activity of this system was thought to be responsible also for involution of
thymic and lymphoid tissue after radiation, and Dougherty and White (1946) showed that
small doses of X-ray producing typical changes in normal animals failed to produce these
effects in adrenalectomized animals. The temporary rise in the leucocyte count, involving
chiefly granulocytes, often observed shortly after X-ray exposure, can be explained by
the same mechanism. L

A second physiological mechanism of potential importance in mediating indirect
changes following irradiation is the control over maturation and release of haemic cel!s
exerted by the spleen. The functions of the spleen in this regard are complex and there is
no certain proof of the existence of a splenic hormone controlling haemopoiesis, but
numerous clinical and experimental observations strongly suggest that the spleen helps
to maintain the normal balance of production and release of red cells, granulocytes and
platelets (Hayhoe and Whitby, 1955). This balance is certainly gravely disturbed in
leukaemia and some part of the imbalance may be due to altered function of the hyper-
trophied spleen. Splenectomy in leukacmia is sometimes followed by changes in the blood
resembling those produced by irradiation, although they are usually of short duration an'd
do not greatly modify the leukaemic process (Astaldi and Ravetta, 1948). Alteration in
splenic function after X-ray treatment may, therefore, contribute to the general effect,
but the contribution seems unlikely to be a major one. L.

In sum, the chief established mechanism of radiation action in the leukaemias Is a
direct one upon the proliferating leucocytes, involving interruption of mitosis. This e‘ﬁect
leads to decreased production of leukaemic cells and allows normal baqmopomﬂs to
become re-established. Irradiation of the enlarged spleen, or spray imadiation of a large
patt of the skeleton, exposes a cunsi.derabl_c bulk of sensitive leukaemic tissue l:]zgx:xto;;;'
damage, including both the leucopoietic sites themselves and the peripheral * ccof
of varying stages of maturity passing thmugh madm.tcd areas thronghout the .thine‘n.
exposure. Specific indirect "leucotoxic_:" action remains unproven, but nO{"SPEC‘b‘;Ql
direct effects due to stimulation of the pituitary-adrenocortical stress mechanism pro y

contribute to the overall response.
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various skeletal sites in the cadaver within I or 2 hours of death. Aspiration biopsy of the
{lium also provides a possible source of material, although several aspirations would prob-
ably be necessary to yicld the required number of cells. Marrow cells can be stored for
more than 8o days by the Polge technique of freezing to —80°C. in glycerol and remain
effective (Barnes and Loutit, 1955). That quantitics of stored marrow cells of the neces-
sary order can be given with safety in man, and may establish themselves at least for
short periods, has been demonstrated by Thomas ¢f al. (1957), Tocantins (1958), and
others. Technical details of importance in the acquisition and injection of marrow include
the very careful observance of a strictly aseptic p d the avaoi of pi
by the use of heparin or enzymes, the preservation of cell viability and integrity by gentle
and expeditious collection of samples, and the use of 5 per cent albumin as a protective
additive. When due attention is paid to these details, marrow collection and transplanta-~
tion in man becomes a reasonably practicable procedure.

The most difficult problems, however, are immunological ones. In experimental animals
recovery from lethal doses of X-ray may be complete and permanent when the donor
marrow cells are isologous, but when b ) or het cells are used recovery
is often only temporary and after a few weeks severe reactive changes in lymph nodes and
spleen lead to extreme atrophy of these organs, steady loss of weight occurs, and the
animals die (Congdon and Urso, 1957). This sequence of changes has been interpreted
generally in the following manper. Heavy total-body irradiation damages not only the
h poictic and Iymphopoietic tissue, but also the antibody-forming system. The
animal is therefore incapable of developing an immune resp and for this reason the
) t or het ft fully takes. After a period of time varying according to
the radiation dose the immune mechanism recovers and tends to reject the foreign trans-
plant. In addition, the transplanted cells may develop an immunological reaction against
the tissue cells of the host. Whether the first or second of these 1mmune mechanisms

domi is unsettled {Makinodau, 1958; Trentin, 1938), but clearly an intolerable
immunological situation is brought about and proves fatal to the host. Antibody forma-
tion by the graft might be minimized if foetal rather than adult cells were injected, since
foetal reticulo-endothelial elements may actively acquire tolerance to the host (Billing-
ham, Brent and Medawar, 1953, 1955}, and there is evidence that use of such tissues
d the incid of forei rrow reactions in mice (Congdon and Urso, 1957).
Immunity problems in the clinical application of bone-marrow protection against irradia-
tion injury in a species genetically so heterogeneous as man are theoretically much more
difficult to solve than are those arising in experiments with laboratory animals. Normal
autologous or isologous marrow cells are not available, except in the rare case of identical
twins, and homologous matenal from human donors is of infinitely variable genetic con-
stitution. Moreover, early rejection of the transplant by the host is likely to occur when
sub-lethal doses of radiation are used, since the immune mechanism retains some func-
tional capacity, and, of course, fully lethal X-ray doses can hardly be contemplated during
the early stages of clinical trial of these techniques in man. Alternative methods of
reducing the immune response, less drastic and irrevocable than lethal irradiation, are
therefore being sought. Cortisone has long been known to facilitate tumour transpla’nta-
tion, presumably by reducing antibedy production in the host (Howes, 1951), and it has
been used successfully in combination with irradiation to permit the transfer of human

L
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irradiation had to be used before the discase could be eradicated in a proportion of
animals. The possibility was therefore considered that administration of homologous
marrow (from a different strain within the same species) might be more effective by pro-
ducing at the same time the recolonization necessary for recovery from acute radiation
sickness and also an immune reaction directed against surviving leukaemic cells having
the tissue specificity of the host. An attempt was made to cxaggerate the latter action by
using homologous tissue from animals previously i ized against CBA leukaemiccell

The results were not conclusive. Some evidence emerged that residual leukaemic cells
may have been destroyed by an immune response of the homografts, since the mice
treated with homologous material from either normal and immunized animals survived
longer than those given isologous tissue and did not show post-mortem signs of leukaemia.
Nevertheless, these mice all developed diarrhoea and gross malnutrition and died in a
wasted, dehydrated condition, and any residual leukaemic cells may have failed to grow
in such poorly nourished hosts. Why functional gut disturbance should be so prominent
in animals treated with homologous cells is not clear. Neither immune activity of the
homograft against the host, nor a restoration of the host’s immune responses directed
against the graft would be expected to involve principally the intestinal tract. The
authors therefore postulated that intestinal radiation damage was the fundamental defect
and that foreign cells were less well able to hold this in check than were isologons cells.

Experiments on similar lines with leukaemias of animals other than rodents have not
yet been reported, but protection from radiation death by implantation of homologous
bone marrow has been successfully achieved in some higher species, though not in others.
Thus while Crouch and Overman (1957) described satisfactory protection by homologqus
marrow in monkeys, Alpen and Baum (1958) found homologous marrow implants in-
effective in protecting irradiated dogs, although autologous implants were successful.

A uniformly successful technique for treating animal leukaemia by radiation a'nd cell
inoculation has not yet been devised, and the problems arising when extension of this work
to human patients is contemplated are formidable. In the first place 2 dose of total-body
irradiation sufficient to kill the leuk ic cells without permanently damaging vital
tissues elsewhere in the body must be used. The sensitivity of the gastro-intestinal tract
and other tissues made up of actively proliferating cells certainly introduces a limiting
factor in dosage, and 1t is still questionable whether the necessary destruction of all lenk-
aemic tissue can be achieved without so severely damaging other sensitive cells tl}ai
recovery is impossible. The protection against radiation effects conferred by some {educmg
agents such as glutathione and AET (S,2-aminoethylisothiuronium-Br-HBr} applies ff’ all
tissues penetrated by the agents. A way of protecting normal tissues with sucl} che_mxcals
while leaving leukaemic cells unprotected has not yet been found, but research in this field
may lead to a solution to the problem of total dosage. i .

A second difficulty, more easily overcome, concerns the provision of adequate quantities
of marrow cells for transplantation in man, Evidence from a number of sources {van
Bekkum, 1958) suggests that all cell types present in n‘orrl'lal marrow are xeqmrgd for
optimum response, the more primitive cells being of chief importance, and tha't intra-

us injection of some 30 to 40 biliion mixed bone-marrow cells would be the minimum
vemm required for repopwlation of the b poictic system in man. Such an amount
2? a[:a“{)w could be obtained from 4 to 5 adult ribs removed at thoracotomy or from
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half-life” (the time taken for the original level of radioactivity to be reduced to half) and
on the rate of excretion, measured as the “ physiological half-life”. In addition, certain
radioisotopes are not uniformly distributed about the body, but are selectively concen-
trated in specific sites. This property provides the chief justification for the use of radio-
isotapes in therapy, and the ideal agent would be one selectively absorbed in malignant
cells and having a half-life long enough to ensure their destruction, but not so long as te
constitute a sut menace to sur ding normal tissues. Unfortunately, no radio-
isotope conforms to these requirements. The most effective at present in the therapy of
leukaemias and polycythaemia is radiophosphorus, P32 This isotope is produced arti-
ficially in a cyclotron or nuclear reactor, and has a physical half-life of 14-3 days. It emits
beta-particles (electrons) with a maximum range in tissues of less than 1 em. P32is given
by mouth or intravenously as an isotonic solution of sodium phosphate and is distributed
widely about the body by the blood stream. Low-Beer, Blais and Scofield (1952} found
it most concentrated in bone, with successively smaller concentrations in spleen, liver,
kidney, muscle, blood, fat, skin and nerve tissue. Various malignant cells, including those
of lymph Iymph and leuk exhibit a high uptake of the isotope (Jones,
Chaikoff and Lawrence, 1940; Osgood and Tivey, 1950). P32is excreted in the faeces after
oral administration, between 15 and 50 per cent being lost in this way. Absorbed or
int ly ini d P32 is graduall d through the kidneys, the biological
hali-life in the blood of leukaemic patients being approximately 8 days (Tivey and Osgood,
1950). In leukaemia and polycythaemia P32 acts as a powerful inhibit:
and dosage leads to medullary aplasia with ia, ag! )l

cytopenia. There is a certain dictability of resp in individ

or of haemopoiesis,
b

tosis and tl
1 patients, whose
susceptibility to the action of the isotope varies considerably, and this appears to be a
more striking feature in leukaemia than in polycythaemia. It has become customary,
therefore, when P22 is used in the treatment of chronic myeloid leukaerma, to give small
doses of I to 3 mc weekly for 4 to 6 weeks rather than a single massive dose.

Since beta-rays have so short a penetration, radiation effects are principally found in
‘bone-marrow, spleen and malignant cells in which the isotope is concentrated, and patients
do not suffer from radiation sickness during treatment and can be controlled without
admission to hospital. Despite the theoretical and practical advantages of P32, it has not
proved more satisfactory than X-rays or chemotherapy in the management of chronic
leukaemia and its use in most centres is now confined to the treatment of polycythaemia
vera. P32, like external irradiation, is unsuitable for use in acute leukaemia.
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cancer cells to rodents (Herbut and Kraemer, 1956a). The role of the properdin system
in resistance to cell transplants is also being actively explored. Properdin, a serum
globulin that attacks bacteria and viruses and lyses red cells in the presence of comple-
ment and magnesium jons, was described by Pillemer and associates in 1954, and may
perhaps be identical with a guinea-pig serum component earlier shown by Kidd (1953)
to inhibit the growth of transplanted lymphoid tumours in mice. Zymosan, an insoluble
carbohydrate derived from yeast cells, has been found to combine with properdin ir vitro
and in vivo, producing an inactive complex (Pillemer ¢f al., 1955), and Herbut and
Kraemer (19565) found that preliminary intravenous injections of zymosan before trans-
plantation of human carcinoma cells into rats led to a proportion of successful takes,
presumably by reducing that part of the host resistance due to properdin. Application of
this technique in the treatment of leukaemia by irradiation and marrow grafting may help
to overcome the initial resistance to transplanted cells in sub-lethally irradiated animals,
and allow another step forward to be made towards the eventual clinical objective.

Combination therapy with X-rays and chemicals

While the principles of treatment of leukaemia with chemical agents will be discussed
in the next chapter, it is pertinent to refer here to the attempts which have been made to
increase the selective efficacy of ionizing radiations by the concurrent administration of
chemicals. Bane, Conrad and Tarnowski (1957), in a review of this field, classified these.
attempts into three groups: combination of radiation with specifically anti-tumour agents
in a search for synergism, tumour sensitization with non-carcinostatic agents, and intro-
duction into the neoplasm of chemicals capable of increasing radiation dosage by secon-
dary radiation, such as certain heavy metals. Methods in the first group have not proved
generally advantageous in the management of leukaemia, and this was perhaps to be
expected since the difficulties 1n radiation control of leukaemias are due not so much to
resistance of leukaemic cells to destruction by appropriate doses, as to the fact that such
doses may severely damage normal haemopoietic cells at the same time. Combined use
of radiation and cytotoxic drugs tends to exaggerate this effect and readily leads to
medullary aplasia (Wilkinson, 1955). Attempts to increase the radio-sensitivity of tumour
cells by increasing oxygen tension (Gray et al., 1953), or by injecting synkavit (tetra-
sodium-z-methyl-1,4-naphthohydroquinone phosphate) intravenously before. exposure
(Mitchell, 1948, 1953), while offering some promise of improvement in .sohd tumour
response, have not been used extensively in leukaemia at present. The same is largely true
of secondary radiators, but if such substances could be found to localize selectively in
leukaemic cells and not in normal leucopoietic tissue, and if the complex problems of
control of secondary radiation dosage could be solved, their use would certamly be of the

greatest potential value.

Maode of action and effects of internal sources of ionizing radiation

Radioactive substances introduced into the body exert the same general biological
effects of ionization as do external radiation sources, but they differ from X-raysin several
therapeutically important respects. These include the type of radiation emxtt?'d and_ its
durat}i)on which depends on the rate of radioactive decay expressed by the '“physical
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from blood transfusion, since whole blood or plasma t fusions may lead to
of acute leukaemia in a proportion of cases.

ANTIMETABOLITES
‘The Folic Acid Antagonists

Extensive nutritional and microbiological studies over a period of nearly twenty years
culminated in the identification and synthesis of pteroylglutamic acid, or folic acid, by
Angier ¢f al. in 1946. This substance, one of the B group of vitamins, is closely concerned
in cell metabolism, particularly in the processes of cell growth and division. Deficiency
leads to macrocytic anaemia, often with loblastic erythropoiesis, to I P and
to certain gastro-intestinal changes manifest by gingivitis, sore tongue and diarrhoea.
The complex chemical structure of folic acid is given below (Fig. 17). Although pteroyl-
glutamic acid occurs naturally as such, it is commonly found in conjugated form with up
to seven glutamic acid molecules incorporated in the structure, and the action of tissue
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conjugases is necessary to release the vitamin from these conjugates. Folic acid itself does
not appear to be an active substance in cytopoiesis, but is the precursor of a highly active
derivative known as *folinic acid” or the “ citrovorum factor" which is produced by
enzymatic hydrogenation and the insertion of a formyl group into folic acid.

The conversion of folic to folinic acid is an essential change if the vitamin is to function
normally, and although the process of conversion and the mode of action of folinic acid
are biochemically complex (see the extensive discussions of Nichol and Welch, 1950;
Welch and Heinle, 1951; Welch and Nichol, 1952; Nichol, 1953), they are most relevant
chemotherapeutically since the action of folic acid antagonists used in the treatment of
leuk ia is primarily to block this ion and so prevent the participation of folinic
acid in cell metabolism (Blakley, 1954). Conversion is an enzymatic process occurring
chiefly in the kiver and bone marrow and requiring the presence of ascorbic acid as a
hydrogen donor., Tetrahy ic acid and folinic acid (Figs. 18 and 19) probably act as
prosthetic groups in enzymes concerned with the formate pool of one-carbon units.
Important reactions in which they are involved include the methylation of pyrimidine to
thymine, ethanolamine to choline, and homocysteine to methionine, and most important
in the context of nucleic acid biosynthesis, the insertion of the 2- and 8-carbon atoms into
the purine ring (Sonne, Buchanan and Delluva, 1948; Greenberg, 1954). These and other




CHAPTER 10
GENERAL PRINCIPLES OF THERAPY

II. Chematherapy. Development of Chemotherapeutic Agents.
Their Modes of Action and Usage

‘WhiLE the practical value, if not the mode of action, of orthodox radiotherapy in the
control of leukaemia has become clearly established after the experience of more than half
a century, the potentialities of chemotherapeutic agents are far less well assessed. Rapid
progress during the last decade in the development and trial of such substances has
provided an almost bewildering variety of antimetabolites and cytotoxic drugs, which,
together with the adrenocortical hormones, are claiming increasing attention from the
physician engaged in treating leukaemic patients. In this chapter the nature, mode of
action and general principles of usage of each of the chief groups of available chemothera-
peutic drugs used in leukaemia will be reviewed briefly. Consideration of the most appro-
priate chemotherapeutic or radiotherapeutic approach to each of the major vareties of
leukaemia will be found in the later chapters dealing with those diseases in furn. .

The cytotoxic drugs appear to be active by entering the cell and interfering with essenhz‘d
metabolic processes by virtue of their chemical structure. Some of these agents, the anti-
metabolites proper, closely resemble in chemical configuration a normal metabolite essen-
tial for cell growth and proliferation. Such substances enter into the existing enzyme
systems in place of the vitamin, amino acid or nucleotide precursor they resemble and
block farther developing reactions in the system. One obvious difficulty in the use ol.a}l
these agents is that they are not selective. Chemotherapy of infections due to parasitic
bacteria, rickettsiac or viruses is relatively more simple, at least in theory, since the micro-
organisms have biological systems and needs which differ substantially from those of the
host cells, and antimetabolites capable of interfering destructively with the one need not
affect the other. Moreover, the normal activity of the host defence mechanisms supple-
ments the chemotherapeutic attack. The situation in neoplastic disorders in general and
in the lenkaemias in particular is quite different. Here, the biochemistry of tl.ne abnox‘{nd
cells is not qualitatively grossly different from that of normal cells, and antimetabolites
cannot be expected to exert a selective effect where it is required alone. They are poten-
tially toxic to normal as well as to abnormal cells. Nevertheless, they are of f:onsxderablﬂ
therapeutic value when cavefully used since cell susceptiAbiIity to dcs{ructmn Py Sl'lCh
agents appears generally to be closely related to mitotic activity, and rapidly proliferating
leukaemic or malignant cells are more vulnerable than normal cells. R i

The stercid hormones are thought to affect cell proliferation by. ;:].ten_ng the envxmn;
ment so as to render it unfa: ble to the develop and multiplication of abnorma!
om haemopoietic elements. In the same category may

riicularly those desived fr ) n
:fé?i%g: be place}:i certain factors of unknown nature present in normal blood or resulting
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Lactobacilius casei and L toc citr is strongly inhibited (Hendlin, Koditschek
and Soars, 1953; Sauberlich, 1949); {# vitro cultures of bone-m:m:ow cells and ﬂbroblas?s
show defective mitotic activity (Jacobson, 1952; Kieler and Kieler, 1954); embryo_mc
growth and differentiation has been shown to be inhibited in several species (Goldsmith,
Harnly and Tobias, 1950; Wagley and Morgan, 1948). In experimental ammals.n megalo-
blastic anaemia can be produced, followed by marrow aplasia (ThiCISCl.l and 'Phllxps, 1949).
Degencration of other rapidly proliferating tissues, in particular the intestinal tract, also
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takes place. A relation between folic acid antagonists and the action of oestrogens has
been noted by Hertz (1948} and Hertz and Tullner (194g), who found that the 4-amino
derivatives of folic acid inhibited the stimulatory effect of oestrogens on the growth of the
oviduct of young chicks and the uterus of immature rats.

Although the 4-amino analogues are the only antagonists of folic acid to find general
clinical use at present, much fund: 1 work of iderable potential importance has
been done on simpler substances with anti-folic activity. These include the 2:4-diamino-
5-chlorophenyl pyrimidines (Hitchings, Falcs, Vanderwerff, Russell and Elion, 1g52), and
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stages in nucleic acid synthesis which require folic acid derivatives are interrupted by
suitably active folic acid antagonists.

Of the very large number of analogues of pteroylglutamic acid, three have shown
particularly high activity as antimetabolites. These are all compounds in which the
hydroxyl group in the 4-position in the folic acid molecule has been replaced by an amino
group. They are: 4-aminopteroylglutamic acid {aminopterin), 4-amino-N: 10.methylpteroyl-
glutamic acid (amethopterin or methotrexate), and 4-aminopteroyl aspartic acid
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(amino-an-fol). The structural formulae of these three compounds are given below (Figs.
20, 21, 22).
" The close similarity between the structure of these analogues and that of folic acid
makes it highly probable that their mode of action is as specific antimetabolites, and indeed
the signs and symptoms of experimental poisoning with these substance: ble those
of folic acid deficiency. The antimetabolic effects cannot be satisfactorily counteracted
or reversed by folic acid, even in high doses, unless the folic acid is given befprg the
antagonist, so that a store of folinic acid is available (Goldin, Greenspan, Venditti and
Schoenbach, 1952), but folinic acid is successful in this respect (Burchenal and Babcock,
1951), an observation lending strong support to the supp ition that the inter-
fere with the system of hydrogenating and formylating enzymes which normally convert
folic acid to its active folinic form. . o

Extensive studies of the effects of these 4-amino derivatives of folic acid on the growfh
of bacterial and animal tissues have been carried out. The growth of Strepiococcus faecalis,
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bone and joint pains, hepat 1 ly and lymphad thy, and the bleod
and marrow, though rctzumng leukacmlc features, retumn towards more normal cytology.
Remissions, whether complete or partial, are always temporary and recurrence of the full
leukacmic state ensues after a period varying between a few weeks and occasionally as
long as 2 years, with an average duration of about 8 months (Burchenal and Ellison,
1956).

9I'o)hc acid antagonists are given orally in a single daily dose of 0-25 to 0-5 mgm. of
aminopterin or 2-5 to 5-0 mgm. of amethopterin. The drugs can be given intramuscularly,
but absorption is equally rapid from the intestinal tract. Experiments using amethopterin
(Burchenal Waring, Ellison and Reilly, 1951} have shown an appreciable level of the drug
in serum within 15 to 30 minutes after an oral dose with rapid disappearance in from 3 to
12 hours. The blood-level remains high for much longer in patients with renal insufficiency
and particular care must be taken in the management of such patients. Normally treat-
ment is continued with daily doses of the chosen antagonist for 3 or 4 weeks until there is
clear evidence of remission or until buccal ulceration, loss of hair, and other carly signs of
toxicity appear. When toxicity occurs, Burchenal (1954) recommends that treatment be
stopped for 7 to 10 days and restarted, after subsidence of the toxic signs, at a lower
dosage. It may be necessary 1o continue treatment for as long as 2 months before remis-
sion occurs, but in most responsive cases improvement is manifest within 2 to 3 weeks.
Maintenance therapy may be continued throughout the remussion, the dose being reduced
by about half and given on alternate days, or intermittent courses at full dosage may be
given whenever the blood or marrow shows evidence of deterioration. Whichever course
is followed, eventually a refractory state develops and the disease can no longer be con-
trolled by the same drug. Studies with t ble animal leuk ias suggest that the
leukaemic cell succeeds in modifying its metabolic processes sufficiently to become drug-
resistant, since successive transfers from animals treated with folic acid antagonists give
rise to transplants which show ive increase in res: when the recipient
animals are treated with the antimetabolite concerned (Law and Boyle, 1950).

The acquisition of resi in mouse leuk ias treated by amethopterin is thought
to result from the selective overgrowth of individual resistant cells produced by random
mutation (Law, 1952). An important biochemical feature of resi k ic cells is
that, in the presence of the folic acid antagonist concerned, they are able to continue
converting folic acid to citrovorum factor much more efficiently than are sensitive cells
in similar circumstances (Nichol, 1954). The experiments of Jacobson (1954a and )
suggest that resistant tissues may be capable of converting aminopterin into an inactive
form, but the nature and mechanism of this inactivation remain obscure.

The prevention or reversal of toxic effects of folic acid antagonists by citrovorum factor
has been mentioned previously, and this substance may be used clinically to control severe
toxicity, but the chemotherapeutic actions of the antimetabolites are also usually nullified
by citrovorum factor, which ! may indeed exacerbate the leukaemic state, and in general
this factor is contraindicated in acute len} ia except when the patient’s condition is
critically endangered by anhme(abohte toxicity (Burchenal 1954) Nevertheless, occa-
sional reports of an app ly istic action of pterin and citrovorum factor
have been published (Consoli, 1955) and a short trial of combined therapy might be
justified in patients particularly prone to aminopterin toxicity.
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a series of dihydrotriazines (Modest, Foley, Pechet and Farber, 1952). Representative
formulae are shown in Figs. 23 and 24. Clinical trals with these compounds have shown
them to be less effective therapeutically and more toxic than amethopterin (Murphy,
Ellison, Kamofsky and Burchenal, 1954; Farber, Toch, Sears and Pinkel, 1956).

The clinical application of the 4-amino antagonists of folic acid has been the subject of
many reports since the value of these drugs in acute leukaemia was first established by
Farber and his associates (1948). The therapeutic position has not altered significantly
since comprehensive reviews were published by Dresner and White (1952) and in the
Proceedings of the Second Conference on Folic Acid Antagonists in the Treatment of
Leukaemia (1952). The drugs are relatively ineffective in adults, but are capable of
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producing some degree of remission in between 40 and 70 per cent of acute leu‘kafemias of
childhood. Burchenal (xg54) recorded good clinical and haematological remission after
the use of aminopterin and amethopterin in 44 of r19 children and 1 of 36 adults with
acute Jeukaemia, while a compilation of records from many centres (Farber, 1_951) showffd
that 68 per cent of 425 children with this disease had been improved. Monocytxc leuk'aemm
appears generally to be refractory to these drugs, but lymphoblastic, myeloblastic 'zmd
stem-cell leukaemias are often amenable to treatment. There are at present no recognized
criteria for predicting with certainty the response in an individual case, nor f_or assessing
its prospective duration when remission occurs. The extent of remission achieved varies
widely. Some 30 per cent of acute childhood leukaen.nas exhibit a complete return to

al, with loss of all clinical signs and symptoms of disease and de_velopmergt of normal
3%:1 a'nd bone-marrow pictures, while in other remitting cases there is regression of fever,
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Clinical trials of 6-mercaptopurine in acute and chronic leukaemias, malignant reticulo-
endothelial disorders, and sk pl of various kinds have made it clear
that this antimetabolite is of considerable value in acute leukaemia and in chronic granulo-
cyticleukaemia. It is substantially incfiective in all other malignant conditions, including
multiple myeloma, lymphadenoma and many sarcomatous and carcinomatous tumours
in which it has been tried (Burchenal ¢f al., 1953; Hall, Richards, Willet and Feichtmeir,
1954) with the possible exception of di: inated reticulum-cell in which some
improvement may take place. The results of treatment in acute leukaemia of children are
comparable to those achieved with folic acid antagonists, complete clinieal and haemato-
logical remissions of varying duration being induced in about 30 per cent of cases, with
partial remissions in a further 20 per cent. The compound has, however, proved capable
of producing remissions in some children whose disease has resisted folic acid antagonists,
and is, morcover, much more effective than thesc antagonists in the control of acute
leukaemia in adults. Hall ¢ al. (1954) treated 24 adult patients and found over 50 per
cent remissions, Fountain {1955) obtained 3 pl issions and 1 partial remissi
in a group of 7 adults, and Whitelaw ¢ al. (1956) found 7 plete and 8 partial
among 29 adults, but the experience of other centres has been rather less promising. Thus
Burchenal and his i (1953) ded only 1 plete and 3 partial remissions
among 12 adults, while Hayhoe {1955} found 2 plete and 5 partial resp in a group
of 15 adults. A statistical analysis of clinical data from some twenty-three centres where
6-mercaptopurine had been used in acute leukaemia up to 1954 showed that about one
adult in seven had responded satisfactorily, whereas in children the comparable figure was
one in three (Bross, 1954).

Patients with chronic granulocytic leukaemia have also shown some good responses to
this drug, with occasional satisfactory remissions maintained by continuous therapy. In
chronic lympbatic leukacmia, on the other hand, no evidence of response has been
obtained.

6-Mercaptopurine is given orally and is readily absorbed from the gastro-intestinal tract.
The usual method of administration is in a daily dosage of approximately 25 mgm. per
kg., continued until the production of leukaemic cells in the marrow is almost completely
suppressed. Wide individual variation is d in the rate of resp to the drug,
and Hyman and her associates (1957) recommend that doses as high as 6-6 mgm. per kg.
daily should be given for the first 2z weeks to achieve remission with maximum rapidity,
dosage being then reduced to a third of this level for maintenance therapy. Patients
should not be regarded as resistant until treatment has been maintained without response
for at least 3 weeks. Frequent blood counts are necessary during the initial course, and
a sharp drop in lencocyte count should lead to reduction of dosage. Nevertheless, it is
probably best to push treatment to the stage of definite lencopenia before discontinuing
the drug. Following withdrawal at such a stage, normal haemopoiesis may be re-estab-
lished over the succeeding few days. When complete or partial remission is achieved the

treatment may be discontinued and further courses given only when there is evidence of
recurrence of disease in blood or bone marrow, but the total extent of remission is probably
greater if maintenance treatment is continued throughout the whole illness until drug
resistance finally develops. One might perhaps expect resistance to be acquired more
rapidly by a population of cells continuously exposed to the antimetabolite, but this does
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Folic acid antagonists have not proved of much value in chronic lenkaemias or in other
malignant reticulo-endothelial disorders,

Purine Antagonists

6-Mercaptopurine

Many synthetic analogues of naturally occurring purines and pyrimidines have been
prepared by Hitchings and his associates in an extensive series of researches begun in 1942.
These substances might be expected to act as antimetabolic antagonists in the early
stages of nucleic acid synthesis in the body, and many of them have been subjected to
clinical and experimental trials in a variety of neoplastic diseases, in the search for an
agent which would influence neoplastic cell metabolism selectively without causing severe
damage to normal cells. The most effective member of this group of analogues at present
is 6-mercaptopurine, synthesized by Elion, Burgi and Hitchings (1952). Chemically this
compound is closely related to adenine and hypoxanthine (Fig. 25).

Studies in the nucleic acid metabolism of Lactobacillus casei and other micro-organisms
have shown that 6-mercaptopurine acts as a metabolic antagonist of adenine and hypo-
xanthine, and presumably the mode of action in mammalian tumours is similar, although
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neither the chemotherapeutic nor the toxic effects can be reversed by purine administra-
tion. The studies of Hamilton and Elion (1954) in man, and of Elion, Bieber and Hitchings
(1954) in mice, have shown that injected $3-labelled 6-mercaptopurine may be incor-
porated into tissue nucleic acids and probably into the desoxyribonucleic acid of human
leukaemic leucocytes.

On the other hand, there is some evidence that interference with enzymes or coenzymes
involved in growth processes may be of importance, and in particular the activ@ty of
coenzyme A, pantothenic acid and diphosphopyridine nucleotide may be affeFfed,(BlCSClE,
1954; Kaplan, Goldin, Humphreys, Ciotti and Stolzenbach, 1956). As Timmis (1957)
points out, in coenzyme A adenne is linked via ribose and phosphoric acid to the panto-
thenic acid amide of beta-mercaptoethylamine, while diphosphopyridine nucl_eotx_de
(DPN) also contains an adenine residue linked through ribose and phosphate to nicotin-
amide, so that an antimetabolic action of the adenine analogue 6-mercaptopurine against
coenzyme A and DPN would not seem unreasonable. .

The chief toxic effects of 6-mercaptopurine administration are (?xe{-ted, like those of the
{olic acid antagonists, on cells of the bone marrow ;u}d h_aemopmetxc hssues‘and the gast_ro—
intestinal tract (Philips, Sternberg, Clarke and Hitchings, 1953). ngatxc degeneration
may follow very high dosage (Clarke, Philips, Sternberg, Stock, Elion and Hitchings,

1953)-
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Melnick and Hartman, 1957). Unfortunately, azaserine possesses only slight anti-leuk-
aemic activity in man when used alone, but since its site of action on the pathway of
purine synthesis differs from that of 6-mercaptopurine, these two compounds have been
used in combination. Burchenal and his i {1955, 1936) used them together, each
in a dose of 2-5 mgm. per kg. daily by mouth, and reported a very high rate of prolonged
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remission in an admittedly specially selected group of patients. The enhancement of anti-
leukaemic activity is paralleled by some increase in toxic effects, and the dosage of
azaserine may need to be reduced if buccal ulceration becomes prominent. Enough

_ reports have not yet been published for a clear impression to be gained of the superiority,
if any, of the ination t over P ine alone when unselected series
are compared, but the advantage is not likely to be great.

6-Diazo-5-o0x0-I-norleucine (DON)
This antibiotic, isolated from Streptomyces, is similar in structure to azaserine (Fig. 28)
and has a roughly comparable range of activity against experimental tumours in vivo.
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Clinical observations by Magill and his associates (1957) showed a definite anti-tumour
effect in patients with disseminated neoplasms, but in the few cases of leukaemia and
lymphoma included in the trial the results were poor. Studies of DON activity in com-
bination with purine analogues are being pursued.

Amino acid antagonists

White and Shimkin (1954) used ethionine, an analogue of the amino acid methio-
nine, &3 an antimetabolic agent, but found it too toxic for clinical use, Hepatic damage,
u
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not appear to be the case (Hyman, Brubaker and Sturgeon, 1957), at least so far as
6-mercaptopurine is concerned. During clinical use of 6-mercaptopurine in leukaemic
states, toxic effects, apart from the marrow depressant action, are less prominent than
those of folic acid antagonists. Mouth ulceration has been uncommon and gastro-intestinal
symptoms rarely severe, although occasional patients experience anorexia, nausea, and
vomiting during treatment and toxic hepatitis has been reported to occur after prolonged
or heavy dosage (Mcllvanie and MacCarthy, 1950). Rarely, drug fever may occur
{Hyman, Gellhorn and Wolff, x954).

Numerous other purine antagonists have been tested clinically after giving promise in
experimental trials in leukaemic mice. Theyinclude purine itself, 6-chloropurine, 6-methyl-
mercaptopurine, 2,6-diaminopurine, 6-thioguanine, and 8-azaguanine (Fig. 26). Apart
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from 6-chloropurine and 6-thioguanine, which have activity roughly comparable to that of
6-mercaptopurine, these compounds proved less effective and more toxic than 6-mercapto-
purine (Burchenal ¢t al., 1951, Gellhom, 1953; Steinfeld et al., 1954; Colsky et al., 19555
Farber et al., 1956; Ellison, Karnofsky and Burchenal, 1958). Since the development of
resistance to one purine antagonist involves resistance to other membe'rs of the group,
the alternative purine analogues have not found a place in clinical practice.

Other Antimetabolites

Azaserine

This compound, o-diazo acetyl-Z-serine, was originally isolat.ed from natgrpl sources as
an antibiotic and subsequently found to have considerable anti-tumour activity in experi-
mental animals (Stock, Reilly, Buckley, Clarke and Rhoads, 1954; Bu{chena'l, Murph}:i
Yuceoglu and Horsfall, 1954). Azaserine struCtura].ly resembles 'glu.tamme {Fig. 2;") ani
inhibits purine biosynthesis by acting as a.glut:_m_une gnta'gomst in the conversion of
formyl-glycinamide ribotide to formyl-glycinamidine ribotide (Buchanan, Levenberg
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abnormally utilized in leukaemia. This possibility has not been fully explored in leukaemic
material, but there is some evidence (Van Vals, Bosch and Emmelot, 1956} that the
hexose-monophosphate oxidative pathway is preponderantly used in a variety of solid
tumours and perhaps also in mouse lymphomas (Kit, 1956), while Beck (1958) found some
increased use of the pathway by leukaemic cells. Sahasrabudhe {1938) has therefore
argued that, since the hexose-monophosphate pathway is not operative to a great extent
in normal tissues, antimetabolic interference with the shunt might preferentially affect
tumounr growth without d ing normal cells. Anal of 6-phosphogl icacid have
accordingly been prepared and used in experimental tumours with very encouraging
preliminary results, but the work has not yet reached the stage of clinical trial.

The actinomycins

The mode of action of this group of antibiotics, derived from cultures of Streptomyces,
is uncertain, but it appears likely that they have an antimetabolic effect, like that of the
antibiotic azaserine. Actinomycins C and D have shown considerable anti-tumour
activity in experimental animals, and have some clinical applicability in lymphomas and
solid tumours, but they appear to be of little value in leukaemias (Farber ef al., 1956).

CYTOTOXIC DRUGS

Alkylating Agents
Nitrogen mustards

The cytatoxic action of mustard gas was observed during the First World War, when
Krumbhaar and Krumbhaar (xg19) noted leucopenia and marrow aplasia in cases of
poisoning with this chemical-warfare agent. Various nitrogen analogues of sulphur
mustard were synthesized by German and French chemists during the years between the
First and Second World Wars, and from 1940 onwards many studies of biological activity
of these compounds were catried out under conditions of wartime secrecy. After the end of
the war a great deal of accumulated information was published by American, Canadian
and British workers (Goodman ¢f al., 1946 Jacobson ¢f al , 1946; Rhoads, 1946; Wilkinson
and Fletcher, 1947; Wintrobe ¢ al., 1947; Craver, 1948; Gellhorn and Jones, 1949;
Burchenal et al., 1949; Brown and Davis, 1949, and many others) and the value of nitrogen
mustards in the treatment of chronic leukaemia, Hodgkin's disease, and lymphosarcoma
was clearly established.

The mustard compounds owe their cytotoxic properties to the two chlorethyl groups,
attached to sulphur in sulphur mustard and to nitrogen in the nitrogen mustards. The
trivalency of nitrogen leaves a third bonding available, and vanations in the nature of the

substituent occupying this bond enablea homot ries of I ds to be synthesized.
Those'most commonly used in clinical work are tri-(2-chlorethyl) amine hydrochloride
and di-(z~chlorethyl) methylamine hydrochloride, The structural formulae of sulphur

{nustard aAnd these two nitrogen mustards are shown in Fig. 30. The nitrogen mustards
in crysta&qe hydrochloride form are readily soluble in water but are then highly unstable,
forming active quaternary ammonium compounds. They are therefore kept as dry crystals
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lesions of the skin and gastro-intestinal tract, and psychotic states were readily
produced.

Early and severe toxicity has also been encountered in the clinical nse of selenium
cystine, an analogue of cystine in which selenium replaces sulphur in the molecule (Fig.
26). Hepatic and renal damage did not occur, but nausea, vomiting, anorexia and
diarthoes were severe and there was marked loss of hair and damage to the nails (Weis-
berger and Subrland, ¥956). Remissions in acute leuk ia could, however, be produced,
sometimes in patients who had become refractory to other antimetabolites, Althongh
their high toxicity renders the available amino acid antagonists unsuitable for clinical use
at present, they are of particular academic interest and potential importance because there
is evidence that immature leukaemic leucocytes have a great avidity for certain amina
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acids and may in consequence be highly susceptible to appropriate antimetabolic analogues
{Weisberger, Subrland and Seifter, 1956; Weisberger, X957).

Pyrimidine antagonists

Metabolic antagonists of pyrimidines, and in particular of uracif, which may perhiips be
utilized preferentially in nucleic acid biosynthesis in ¢ have been dey loped very
recently and have shown convincing evidence of tumour-inhibiting actiwty.. Hakala,
Law and Welch (2956) studied 6-azauracil and some related compounds, and Heidelberger
and his associates (1g57) synthesized a varety of 5-fluorinated pynr{udme§ a.nd re?orted
high antimetabolic activity of 5-flucro-uracil and 5-fluore-orotic acid. Clinical triafs of
these compounds are at present being conducted and already give promise of valuable
clinical activity in leukaemias and some solid tumours.

Antagonists of glycolysis ) '
In Chapter 6 the differences between normal and leukaemic cell glycolytic metabolism
were discussed, including the possibility that the hexose-monophosphate shunt might be
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their activity predominantly against lymphocytic tissues and others agai{lst myeloid cells
{Elson, 1955, 1958). The nitrogen ds tk Ives show less sp y than do such
derivatives as chlorambucil and the more remotely related methane sulphonyloxy alkanes,
and for this reason they have a wider spectrum of action against leukaemias of different
cytological varieties.

Chronic leukaemias, either myeloid or lymphatic, respond very well to intravenous
administration of nitrogen mustards. Gardikas and Wilkinson (1951) and Wilkinson
(1953) reported 74 per cent Temissions in a scrics of 126 patients with chronic leukaemia
treated in this way. Both haematological and clinical features of the disease are markedly
affected and remissions so induced may last from a month or two to 2 or 3 years. Further
treatment given as necessary may induce repeated remissions. Severe nausea and vomiting
may occur during the course of the injections, but since recovery rapidly occurs, this does
not provide a major contraindication to therapy. Like all other agents used in chronic
leukaemia, the nitrogen mustards fail to alter the inevitable outcome of the disease, and
response to repeated therapeutic courses b ively less pl and of
shorter duration, until finally a refractory state is reached. It seems to have been the
general experience that lymphatic leukaemia is less regularly amenable to treatment than
myeloid, advanced cases in particular frequently failing to respond, but excellent remis-
sions have been achieved in the earlier stages of the disease.

In acute leukaemia this group of drugs has proved quite ineffective, failing to alter the
course of the disease in any significant manner. Although a decrease in the peripheral
leucocyte count may be produced, the marrow picture, the physical signs and the clinical
progress are uninfluenced.

Occasional remissions in polycythaemia vera treated with these compounds have been
reported (Spurr, 1950), but use in this disease does not seem to have been very extensive.

In all these conditions individual variation in response to treatment exists, and dosage
must be regulated ding to the day-to-day clinical and haematological findings. Each
intravenous injection ordinarily contains o-x mgm. per kg. of body weight, dissolved in
water immediately prior to injection. The dose may be repeated daily for 4 days in an
average case, but some patients respond dramatically to a single injection, while others
Tequire six or eight before any substantial effect is observed. Dangerous thrombocytopenia
and leucopenia may develop if a total dose exceeding 0-5 mg. per kg. is given over a short
period of time. Some authorities therefore think it preferable, instead of giving a com-
pressed course of several daily injections, to give a single dose and wait § or 6 days to
assess the effect before repeating the dose. This pracedure, though probably safer, has the

disad ages that more prol d stay in hospital is needed and that the patient may
suffer repeated attacks of nausea spread over perhaps a month, rather than condensing
this unpleasant experience into a short span.

Chlorambucit

A series of water-soluble aromatic nitrogen mustards synthesized by Everett, Roberts
and Ross (1953) included $-{di-2-chl hylamino)-phenyl butyric acid (C.B.1348, Chlor-
ambucil) (Fig. 31). This compound proved to be strongly inhibitory to tumour growth in
anitmals, and clinical trials in man showed it to be an effective agent in the treatment of
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and dissolved immediately before intravenous injection. The mechanism of the cytotoxic
action of these compounds is not certain, They are highly active alkylating agents capable
of combining readily with many biological substances, including certain enzyme prosthetic
groups, but the concentrations achieved én vivo do not approach those necessary for en-
zyme inhibition 7 vitro and this property does not therefore offer an acceptable explana-
tion of their activity. Studies of virus inhibition by nitrogen mustards show that inhibition
is most marked in viruses containing predominantly desoxyribose nucleic acid, and in
vitro these compounds have been demonstrated to react with phosphoryl, carboxy! and
amino groups of nucleic acid. These and other studies of nucleic acid synthesis in the
presence of nitrogen mustards suggest a direct action on desoxyribose nucleotides leading
to mitotic inhibition (Goldthwait, 1952). In vitro studies of the interaction of nitrogen
mustards and other alkylating agents with macromolecules, reported by Stacey and his
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associates (1958), strongly suggest that the most characteristic reactions un_der _physio—
logical conditions, when there is a great excess of sites available for alkylation, involve
esterification of carboxyl groups in proteins and of phosphate groups in DNA. Bifunctional
alkyla.ting agents, with a pair of reactive groupings such as the two bet'a-chlurethyl groups
of nitrogen mustard, appeared able to produce cross-links within dxﬂe_rent groups in a
protein or DNA molecule, or between nejghbouring molecules, thus altering the character
of the molecules and preventing them from functioning normally. Whatever the precise
mode of action, these drugs attack proliferating cells of most ge:n.nf'nal.nssues, in particular
bone marrow, lymph glands and intestinal epithelium. Cfell division is prevented at some
premitotic stage and the more differentiated cells rap)dl}{ undergo karyorrhexis gix;d
disintegration. Primitive, undifferentiated cells cease to proliferate, but do not so ;eath ly
undergo destruction. These biological actions of the {utrogen‘m?s‘tards ar}d fhose g o ! lfr
alkylating agents are obviously similar t? the .actlons of ionizing radiations, utrt the
“yadiomimetic” drugs are more selective in their haematological effects, some exerting
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earlier nitrogen mustasds can be seen from the structural formulze in Fig. 32. Reiex:ences
to the development and trial of these derivatives may be found in the review article of

Scott (1958).
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Triethylene melamine

Among a number of compounds other than 2-chlorethyl amines which are transformed
in vitro into ethylenimonium derivatives, triethylenemelamine (TEM) has proved most
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ge}:emlly useful in neoplastic states. The structure of this compound, 2,4,6-tri-(ethyleni-
mino)-S-triazine, is shown in Fig. 33. Reactive quaternary ethylenimonium compounds,
with chemical and biological properties like those of the nitrogen mustard transformation
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malignant lymphoma. Galton, Israels, Nabarro and Till (1g55) found striking remissions
in 4 of 23 patients with Hodgkin’s disease, in 7 of 1z with lymphocytic lymphoma, in 4 of
8 with chronic lymphocytic leukaemia, and in 5 of 6 patients with follicular lymphoma,
Other workers have had similar experiences in the use of the drug (Altman, Haut, Cart-
wright and Wintrobe, 1956; Bouroncle, Doan, Wiseman and Frajola, 1956; Ultmann,
Hyman and Gellhorn, 1956). Reports from several centres presented in New York at a
conference on ' Comparative clinical and biological effects of alkylating agents” in March
1957 (Ann. N.Y. Acad. Sci., 1958, Vol. 68, pp. 657-1266) gave brief details of the results
of chlorambucil treatment in over 300 patients with lymphomatous disorders. Good
responses were achieved in from 50 to 80 per cent of patients with chronic lymphatic
leukaemia, and in an even higher proportion of patients with follicular lymphoma. Results
in Hodgkin’s disease were less satisfactory, but about 2030 per cent of patients with the
disorder manifested good remissions for 4 months or more, and many more showed some
temporary benefit. The drug has proved relatively free from toxic side-effects and has the
great advantage over TEM of being much less erratic in action and less likely to produce
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thrombocytopenia or marrow aplasia. Chlorambucil may therefore be particularly valu-
able in patients with chronic lymphatic luekaemia who have also moderate thrombocyto-
penia (Ultmann, Hyman and Gelthorn, 1956).

Chlorambucil is usually given by mouth in a daily dose of 0-2 mgm. per kg., but Galton
and his associates (x955) recommend that this dose should be halved if there is Iyl"ﬂ]')h'()-
cytic infiltration of the bone marrow or when marrow hypoplasia is present. The initial
dosage is continued, with weekly or fortnightly blood counts, until a satxsfacto.ry chm!:a.l
and haematological response occurs. Treatment should not be regarded as ineffective
until a trial of 4 weeks has been completed. Maintenance dosage adjusfed to keep the
rernission as full as possible may be given, or treatment may be stoppeq until clear evidence
of relapse indicates the need for a further course. It is not yet clear which of these methods
of control is likely to give the more satisfactory results.

Other nitrogen mustards

g i ds have been syn-

1 other 2-chlorethyl analogues of the opgmal nitrogen mustar been s)
thss?zrgi and several have been given clinical trials. None has yet found a place in clinical
racﬁce'in the treatment of leukaemias, although some have proved valuable in lym-
e lid tumours. These compounds include R48, R151, novoembichin, dopan,

° . : .
f:r(x};ssixa:;ii melphalan, pitromin, and hemisulphur mustard. Their relationship to the
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resembling TEM (Fig. 34), and possess an anti-tumour activity like that of the nitrogen
mustards. They have been extensively investigated in proliferative diseases {Farber et al.,
1953 Sykes ¢f al., 1953; Shay et al., 1953; Leonard, Israels and Wilkinson, 1956). These
drugs are inclined to produce severe haemopoietic depression, although they do not have
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the disadvantage of causing nausea and vomiting on parenteral admunistration. Either
compound may prove effective in chronic granulocytic leukaemia, but the resultsin general
are inferior to those obtained with other agents and the use of these compounds in leuk-
aemias and allied states has been largely discontinued.
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Two further related compounds, BEP (Fig. 35) and ethylenimino-benzoquinone, have
been reported to induce r ions in chronic leuk ias (Paterson and Kunkler, 1954;
Bernard, Mathé and Weil, 1957), but they do not appear to be as effective as chlorambual
or busulphan, and have not been widely used.

Busulphan

36) which, lik

(Myleran, 1:4-dimet} 1ph

2 : ybutane) is a sulphonic acid ester (Fig.
e the nitrogen mustards, is an active alkylating agent. Haddow and Timmis



176 GENERAL PRINCIPLES OF THERAPY

products, are formed in an acid medium. The effects of TEM i vivo appear to parallel
very closely those of the nitrogen mustards, producing cytotoxic changes of varying severity
in proliferating tissues, particularly haemopoietic and lymphoid tissues. The substance
is inexpensive, efiective after oral administration, and does not produce nausea and
vomiting of a degree comparable to that after nitrogen mustard injections.

Temporary remissions, often dramatic in nature, have been reported in many patients
with Hodgkin’s disease, lymphosarcoma, chronic myeloid and lymphatic leukaemia and
in some cases of polycythaemia vera (Kamofsky ef al., 1951 ; Paterson and Boland, 1951;
Rundles and Barton, 1952; Gelthorn, Klingerman and Jaffe, 1952; Silverberg and Dame-
shek, 1952; Kravitz, Diamond and Craver, 1952; Rosenthal and Rosenthal, xg52; Paterson
and Kunkler, 1953; Wasserman, 1954). The therapeutic effect is most marked in Hodgkin's
disease, chronic lymphocytic leukaemia, and other generalized lymphomatous processes.
In granulocytic leukaemia results are less good, and in acute leukaemias and multiple
myeloma TEM appears ineffective.

The major problem in the application of TEM to treatment is the wide individual
variation in susceptibility to its action. Although a relationship between type of disease
and sensitivity is not clear-cut, it seems that a response to small doses is especially common
in chronic lymphatic leukaemia. Certainly the variation in tolerance is very great;
evidence of toxic depression of the bone marrow with thrombocytopenia, leucopenia and
aplastic anaemia may develop after as little as 8 to 1o mgm. of TEM given aver a period
of 7 days, while some patients will tolerate T0 to 15 mgm. weekly for Jong periods. Some
of these wide discrepancies in dosage may be due to differences in gastric acidity, since the
drug breaks down in an acid medium. Attempts have been made to counteract this ef_fect
by giving the drug an hour before breakfast together with a snitable alkali (z gm. sodium
bicarbonate) to facilitate absorption, but response remains poorly predictable.

In clinical use it is therefore wise to start treatment with small doses of the order of
2 to 3 mgm. daily for 2 or 3 days, and to give no further treatment for at least 10 days
when the extent of bone-matrow depression produced by the initial course can be assessed.
Patients sometimes manifest an increasing sensitivity to toxic action of repeated courses
of TEM, but in general the individual reaction to a given dose remains fairly constant as
far as marrow depressant effect is concerned. The average total dose of TEM ne_eded to
provoke substantial remission in responsive cases of lymphadenoma or lymphatic leuk-
aemia is about 20 mgm. Throughout the course, careful studies of the peripheral blood
should be made at frequent intervals, particular attention being paid to the leucocyte
count and to the platelet level. Further doses of TEM should not be given to a patient
whose leucocyte or platelet count is falling abruptly, but should be withheld at least until
the blood picture has stabilized and preferably until initially normal constituents have
returned to normal limits. When a remission has been satisfactorily induced by TEM,
it is generally thought best to withhold the drug until there is clear evidence of relapse.
Provided these precautions are taken and the powerfully toxic nature of the drug appreci-
ated, it can be used without undue risk.

TEPA and Thio-TEPA . '
These two ethylenimine derivatives of phosphoric acid, triethylene phosphoramide
(TEPA) and triethylene thiophosphoramide (thio-TEPA), have a structure somewhat
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Busulphan may be given in successive courses or continuous maintena'nce treatment
may be uscd. Initial treatment consists usually of from 4 to 1o mgm. daily, by mouth,
continued under careful haematological control until the granulocyte count falls to about
20,000 per cu. mm. Thereafter treatment may be discontinued, to be recommenced when
relapse takes place, or maintained at a level adjusted to keep the leucocyte count between
10,000 and 20,000 per cu. mm, Maintenance dosage is usually from 1 to 2 mgm. daily, but
higher doses are occasionally necessary. After a variable period of remission every patient
eventually b i to dph but resistance does not appear to develop
earlier with maintenance treatment than with intermittent courses (Galton, Till and™
Wiltshaw, 1958), and since a more stable control can often be achieved by continuous
therapy, this method of management is generally preferred (Bethell, 1958)v

In chronic lymphocytic leukaemia, as in Hodgkin’s discase and lymphosarcoma,
busulphan is sometimes effective in reducing the glandul 1 and improving
the leucocyte picture {Sykes 1958), but the doses required are lasge and there is a serious
danger of thrombocytopenia and marrow aplasia being induced. The drug has been of no
value in acute leukaemias, nor in most cases of myeloblastic transformation in chronic
granulocytic leukaemia, although Di Pietro and Gallico (1955) recorded a remission
induced by busulphan in one such case.

Other Cytotoxic Drugs
Desacetylmethylcolchicine
Colchicine has long been known to inlubit cell mitosis, and the potentialities of this
substance in the treatment of proliferative conditions such as leukaemia and malignant
) have been ized and explored (Dustin, 1938; Bucher, 1939}. The material

proved, unfortunately, to be far too toxic for clinical use. The isolation by Santavy and
Reichstein (1950) of a new alkaloid, desacetylmethylcolchicine, from Colchicum autimnale,
appears to have provided a partial solution to this difficulty. The new alkaloid possesses
strong mitosis-inhibiting activity, but is very much less toxic than colchicine,

Extensive clinical trials have recently been taking place, and reports of several series
of cases have appeared since 1953 {Bock and Gross, 1933, 1954; Moeschlin, Meyer and
Lichtman, 1953, 1954; Storti and Gallinelli, 1954; Leonard and Wilkinson, 1955 ; Gigante,
1955; Keibl, 1955; Moeschlin, 1957) from which a prelimimary assessment of the value of
desacetylmethylcolchicine (demecolcine) can be made. The drug may bning about marked
imp: in both b )l 1 and clinical features of chronic myeloid leukaema;
good remissions have been achieved in over go per cent of the cases described by the
authors cited above. A more specific granulocyte depressing action is exerted by demecol-
cine than by most other chemotherapeutic agents used in chronic myeloid leukaemia, and
there is little tendency for thrombocytopenia or aplastic anaemia to complicate treatment.
Results in the few cases of acute leukaemia in which demecolcine has been used have been
less encouraging, but some partial remissions have been induced. In other malignant
reticuloses and in various tumours results have been unsatisfactory, although Storti and
fi}iallinelli (2954) found some improvernent to result from long-term treatment in Hodgkin’s

sease.

Dexflecolcin; is given orelly in a dosage varying between x and 10 mgm, daily. In
chronic myeloid leukaemia it is customary to initiate treatment with 1 to 3 mgm, daily,
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(x953) found this compound intensely inhibitory to certain animal tumours and noted a
strong depressant effect on the mycloid cells in a dosage that did not significantly affect
haemopoietic cells of other series. Studies conducted in the clinical field have shown that
busulphan is a most valuable controlling agent in chronic myeloid leukaemia, and reports
from many centres reveal a high percentage of good initial remissions, sgme in patients
who had become refractory to X-ray treatment (Galton, 1953, 1956; Boua/g, 1953; Wilkin-
son, 1953; Hansen; 2934 ; Wagner, 1954; Haut, Altman, Cartwright and Wintro{;e, 1955;
Bernard, Mathé and Najean, 1955; Galton and Till, 1955; Kurrle, 1955; Louis, Limarz
and Best, 1956; Blackburn, King and Swan, 1956; Frost ‘a)d Jackson, 1956; Greig, 1956;
Hyman and Gellhorn, 1956). ~
Pharmacologically, the cytotoxic action of busulphan is of particular interest, since it
appears to be limited essentially to the bone marrow. Cells of lymphoid germinal tissues
and of the gastro-intestinal tract, commonly affected by cytotoxic agents in parallel with
the haemopoietic cells, are not appreciably damaged by busulphan. In low doses 2
selective inhibitory effect on granulocyte precursors is obtained, although thrombocyte
formation is also depressed by relatively small doses. The drug is readily absorbed from
the gastro-intestinal tract but its fate in the body and the precise mode of action are not
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yet determined, although studies with P32 have shown that the formation of new DNA is
depressed during administration (Li, Leonard and Harrison, 1956),

Clinically, in chronic granulocytic leukaemia almost all patients respond initially to
busulphan, with symp tic imp: , reduction in spl Iy and hep ly,
fall in leucacyte caunt, reticulocytosis and in in h globin. Thrombocytop
may develop after the leucocyte count has become stabilized at a low level for some weeks,
and this appeats to be the only important side-effect likely to be cncountered at all
commonly. Myeloid apfasia may be produced by excessive dosage (Wilkinson, 1953
Galton and Till, 1055 and has been reported in patients having low-dosage maintenance
treatment (Storti and Pederzini, 1955; Hayhoe and Kok, 1957), hut with increasing
experience in the use of busulphan the risk has become very small. A second rare com-
plication which may arise during treatment is renal failure due to hyperuricaemia following
very rapid breakdown of granulocytes. This can be avoided by adjusting dosage to prevent
too sharp a fall in the leucocyte count and by cnsuring a high fluid intake (Hyman and
Gelthomn, 1956).

Less important side-effects

observed in patients receiving busulphan include s};in pig;
tation and amenorrhoea, but in general busulphan is singularly free from unpleasan

:i‘g:tactions. Remissions lasting from a few months to 4 years have becn recorded {Galton,

Till and Wiltshaw, 1958), but the drug has not yet been in use Jong cnough to assess its

full potentiatities.
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hydroxystilbamidine, the essential discase process does not seem to be radically aﬂ'egted
and the hyperglobulinaemia and Bence-Jones proteinuria are not alvtercd‘ The diamidines
are given intravenously in daily doses of 100 to 150 mgm. dissolved in 200 ml. of 5 per cent
glucose in distilled water, a course consisting of 15 to 20 such injections. Thcsf: injections
require particular care since the material is irritant and readily produces obliteration of
vews, and this technical disadvantage has also tended to discourage the use of diamidines
in myeloma.

Urethane

Urcthane (ethyl carbamate) has long been recognized to be 2 protoplasmic and mitotic
poison {Warburg, 1910}, but its use in neoplastic disease dates from the studies of Haddow
and Sexton {1946). Carcinostatic activity in experimental cancers was marked and trials
in patients with extensive i tosis were ducted. Although the results were
disappointing, the occurrence of leucopenia in treated patients led to further studies of
its action in leukaemia. Paterson, Haddow, Ap Thomas and Watkinson (1946} and sub-
sequently many investigators found the drug effective in chronic leukaemias, both granulo-
cyticand to a less extent lymphocytic. It was almost entirely valueless in acute leukaemias,
but produced favourable results in many cases of multiple myelomatosis.

Urethane inhibits cell division in germinal tissues such as bone marrow and gastro-
intestinal epithelium, perhaps by interfering with a hypothetical phosphokinase, required
for normal nucleic acid metabolism {Boyland and Rhoden, 1949), but 1sotopically labelled
urethane is not apparently selectively localized in rapidly dividing cells or in cellular
nucleic acids (Bryan, Skipper and White, 1949}, The drug is easily absorbed from the
gastro-intestinal tract and rapidly broken down with the formation of carbon dioxide,
ethyl alcohol, and ammonia, and only about T per cent of the reactive carbonyl grouping
15 retained and distributed about the body tissues according to Boyland and Rhoden
{x949) and Bryan ef al. (1949). The major toxic effects of urethane, apart from the
h poietic d ion, are ia, nausea and vomiting, and despite the use of
entenc-coated capsules these symptoms may occasionally prevent the continuance of
treatment,

Clinically the chief use of urethane has undoubtedly been in the management of chronic
granulocytic leukaemia. The usual dose is 0-5 to T gm. three times daily, given by mouth
as an elixir or in enteric-coated capsules. The course is continued for from 2z to 6 weeks
until the leucocyte count has been reduced to about 50,000 per cu. mm., and the dose is
then decreased to about I gm. daily. Maintenance treatment of 05 to I gm. daily is
advisable. Most patients react satisfactorily, but careful haematological supervision is
necessary during the initial weeks of treatment since thrombocytopenia, locytosi
and aplastic anaemia may be produced by overdosage in a sensitive individual and the
marrow depressant effects continue for some time after cessation of treatment. Accom-
panying the leucocyte fall in responsive patients a rise in haemoglabin level takes place
together with regression of spleen and lymph nodes and subjective improvement.

In chronic lymphatic leukaemia results have generally been less satisfactory. The high
!eucocyte count may be greatly reduced, but regression of lymph nodes and other tissue
infiltrations is not usually marked and subjective improvement is not prominent.
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increased after 3 or 4 days to 5 to 10 mgm. daily and maintained at this level until the
leucocyte count drops to between 20,000 and 30,000 per cu. mm. This may take from
3 to 6 weeks to achieve. Treatment is then stopped temporarily for 3 or 4 days until the
leucocyte level ceases to fall, and maintenance dosage is then recommenced with from 1
to 5 mgm. per day. Frequent blood counts are necessary during the earlier stages of
treatment, since there is considerable individual variation in response, but once a satis-
factory remission is attained the interval between counts may be increased to 3 or 4 weeks.
Continuous maintenance therapy has been found more satisfactory than intermittent
courses. Toxic effects with demecolcine have not been striking, although nausea is some-
times experienced on high doses and occasionally mild pruritus and loss of hair may occur.
Moeschlin (1957) has emphasized that the drug may be useful in some cases of terminal
myeloid blast cell transformation, but that it is strictly contraindicated in lymphatic
leukaemia since it may exacerbate the disease.

Arsenic

Inorganic arsenic depresses leucopoiesis and has been used for many years in the treat-
ment of chronic myelocytic leukaemia. Many patients with this disease may derive con-
siderable benefit from continued treatment with arsenic, usually given as Fowler's solution
in doses of 0-3 to 0-5 ml. three times daily. A state of mild chronic arsenic poisoning must
be induced to achieve a satisfactory therapeutic level, and because of this drawback and
the existence of several more effective and less troublesome chemotherapeutic agents, not
to mention radiotherapeutic methods of control, arsenic is little used in leukaemia at the
present time.

Diamidines

Stilbamidine and pentamidine have been therapeutically successful in kala azar, and
since the marked hyperglobulinaemia of this disease is paralleled by a similar globulin
increase in multiple myeloma, the possibility that these drugs might be valuable in tllze
latter disease was considered. Moreover, the cytoplasmic basophilia and pyroninophilia
of myeloma cells indicates the presence of large amounts of ribose nucleic acid, and Kopac
(x945) has suggested that such nucleoproteins may be denatured and precipitated by
diamidines. Furthermore, ribose nucleic acid inhibits the antibacterial action of stilbami-
dine and it seems probable that the cationic diamidines block essential metabolic processes
by combining with nucleic acids (Bichowsky-Slomnitzky, 1048). Clinical trjals undertaken
at many centres revealed that significant benefit ensued in roughly half the cases, but
dramatic remissions were uncommon (Snapper, Tumer and Moscowitz, 1953). Stilbami-
dine has a number of side-effects which militate strongly against its widespread use. The
most important of these is a dissociated anaesthesia of the trigeminal area with loss of
touch sensation but retention of pain and temperature sense. There are also unple_asant
tingling and burning paraesthesiae which may persist for months nfte'r termination of
treatment. In addition, the drug exacerbates the defects qi renal function 50 cc{m'nonl'y
present in multiple myeloma. Another diamidine dcrivatlve', 2-hy@roxy:shlbanudme, is
more satisfactory in these respects and apparently causes neither mg'emm'al neurogafhy
renal function (Snapper, 1948). Although amelioration of clinical

impai t of b s
nor impairment O t about by either stilbamidine or

symptoms, in particular bone pains, is often brough
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however, 30 enjoyed complete remissions and 19 partial improvement. In many reports
it is not possible to distinguish adult from childhood cases, but where the age has been
given, there seems no doubt that children responded very much better than adults.
Fessas ¢f al. recorded complete remissions in 18 of 22 children with lymphoblastic lenk-
aemia as comparcd with 3 out of 9 in older paticnts, They encountered no complete
remissions in 15 cases of acute myeloblastic leukacmia nor in 1 acute monocytic leukaemia,
and indeed found evidence of an acceleration of the leukaemic process by cortical steroids
in some of these cases. The vastly better results achieved at most centres in treating
lymphoblastic and iated leuk as pared with myeloblastic and acute
monocytic forms of the disease suggests that the lymphoid antagonistic action of the
hormones may be the operative factor in inducing remissions. Relapse invariably takes
place, however complete the remission, and although second and even third remissions
may be induced by repeated therapy a refractory state is eventually reached.

There is little to choose between corticotrophin and cortisone in the control of acute
leukaemia, although the first must be injected while the second may be taken by mouth.
Customary dosage in leukaemia is from 60 to 150 units of ACTH or 100 to 400 mgm. of
cortisone daily in divided doses. Early signs of hypercorticism, with weight increase and
fluid retention, are usually produced by such treatment, but serious toxic signs of over-
dosage are not common in leukaemic patients, who appear to have a remarkable tolerance

to these hormones. The synthetic stercids pred (metacorten) and predaisol
introduced in 1955 (Bo]let ¢t al., 1955; Dordick and Gluck, 1935 \Iargohs elal, x955),
are closely related in structure to cortisone, but have i d potency with i

salt-retaining properties. Their effects in leukaemia appear to be very comparable to those
of ACTH and cortisone and the relative freedom from salt and water retention when they
are used has led most chmcmns to prefer them, especially when Iong -term or hxgh dosage
treatment is i The anti-leuk ic activity of pred and prednisol is
from 2 to 5 times that of cortisone and a proportionate reduction in dosage is therefore
made, with initial doses of 50 to 150 mgm. Whichever steroid is used, continued main-

tenance treatment at a decreased dosage may be given after remission has been induced,
and this is probably the best course of action when the improvement is partial. When
complete remission occurs, with return to normal of the peripheral blood and marrow and
disappearance of leukaemic physical signs and symptoms, the treatment may be with-
drawn until signs of relapse appear, in the hope that the inevitable development of a
resistant state may be postponed. Although such remissions commonly last only a few
weeks, occasional cases remain in full remission for many months. Since infections are
frequent in leukaemic patients and liable to be exacerbated by steroid therapy, anti-
biotics are usually given concurrently with the steroids. 1t is to be noted that the beneficial
effects o( steroid hormonal therapy usually appear much more tapidly than do those of
the anti and clear evid ission may be present within
a few days. Nevertheless, occasional panents are slow to respond and treatment should
not be discarded as ineffective until a tna.l has lasted z to 3 weeks. The use of steroids

in combination or alternation with anti 1 in acute leuk is di d in
Chapter 12,

Attempts have recently been made to influence the course of myelobhsuc leukaemias
and chronic myeloid leul ias in a terminal my ic phase by massive doses of
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The effect of urethane in multiple myeloma has been the subject of rather conflicting
reports. Earlier observations by Alwall (1947), Loge and Rundles (1949), and Rundles,
Dillon and Dillon (1950) gave rise to considerable optimism, since over 50 per cent of their
cases experienced reasonable improvement, with diminution of fever and bone pains,
reduction in marrow myeloma cells, X-ray evidence of healing of bone lesions, and in some
cases sharp reduction in the abnormal serum proteins. Later reports have been discourag-
ing. Luttgensand Bayrd (1951) treated 66 cases and found objective improvement in only
20 per cent, while even these cases showed no change in bone marrow, serum proteins or
Bence-Jones proteinuria. Snapper and his associates (1953) could obtain a favourable
response to urethane in only 3 of 25 cases and found nausea and vomiting after oral and
even after subcutaneous administration of the drug to be of prohibitive severity in a very
high proportion of their cases. The dosage necessary to obtain improvement is high, from
2 to 5 gm. daily continued until a total quantity of 240 to 300 gm. has been given. Favour-
able results are more likely to be achieved in the early stages of the disease.

HORMONAL AGENTS

Corticotrophin (ACTH), cortisone and related compounds

The mode of action of corticotrophin and the adrenal cortical steroids in diseases of the
blood and reticulo-endothelial system has not been clearly elucidated, despite intensive
studies during the last decade. The work of Dougherty and White (1944, 1947) showed
that these hormones caused disintegration of lymphocytes in experimental animals and
that a reduction in lymphoid tissue was brought about and maintained during the period
of excessive adrenocortical steroid activity. Lymphocytopenia following ACTH or
cortisone in man appears to be a less constant or sustained feature (Forsham éf al., 1942?;
Sprague ef al., 1930), but there is an initial lymphocytolytic effect. Observations of this
kind stimulated clinical research into the value of these steroid hormones in proliferative
diseases of the haemoposetic and lymphoid system, and as a result of trials at many
centres it soon became clear that their usefulness was substantially restricted to the acute
leukaemias. In other reticulo-endothelial di including malignant lympt ta and
some chronic leuk ias, a dary el t of haemolytic anaemia or thrombocyto-
penic purpura may be present, and in these cases the steroid hormones may be of benefit
by controlling the haemolytic or purpuric manifestations, but the essential disease process
is not greatly influenced.

Since the carly observations of Pearson ef al. (1950) and Farber ¢t al. (1950) the effect
of the steroid hormones in acute leukaemia has been the subject of numerous reports.
Remissions of good clinical and haematological extent in 8o out of 175 children and 14
out of 60 adults with acute leukaemia were recorded in the Proceedings of the Se?on'd
Clinical ACTH Conference (193I). The M.R.C. Panel reports (1952, 1953) in Great Britain
were less promising, only 5 out of 24 cases showing a response. Fessas of al. (1954)
collected data from 26 reports referring in all to 425 cases of acute leukacmia. Among
of acute undifferentiated leukaemia, 88 experienced complete remission, 68
Only 1 complete and 1 partial remission were
, and only 4 complete and 13 partial
Out of 110 lymphoblastic leukacmias,

217 cases X
partial remissions and 61 failed to re_spond. )
recorded out of 26 acute monecytic ICukae‘mlas

among 72 my tic
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some kind of specific anti-l cffeCt may be e ised by such ¢

. Dreyfus
(1948) discovered 2z authentic ples of remi in acute I recorded in the
literature prior to that time, and in 19 of these, blood transfusions had been given, whereas

no other therapeutic agent had been constantly used. Bierman ¢ al. (1950) found that the

use of blood t and 1 the average survival of acute levkaemic
patients from 56 to 89 momhs, although Southam et al. (x951) did not think these
d the ion rate. Bessis and Dausset (1950) reported the results

of exsanguino- -transfusion in 60 cases, of whom some 20 per cent expenenced a more or
less complete remission, while Hayhoe and Whitby (1955) found 14 remissions, 5 of them
complete, in 41 patients treated initially with whole blood transfusion alone. These
investigators agree that blood transfusion may provoke remission in acute leukaemia of
any cytological kind, although lymphoblastic cases are more likely to respond than either
myeloblastic or monoblastic. The nature of the blood factor responsible for the induction
of these remissions is unknown, and no particular blood appears to have greater thera-
peutic efficiency than others.

An awareness of the possible specific therapeutic value of blood transfusion is par-
ticularly necessary, not only because of the intrinsic merits of such treatment, but because
transfusions are so often used as supportive measures during the course of treatment with
chemotherapeutic agents that clinical trals of the effects of such agents may be com-
plicated by the difficulty of distinguishing remissions due to the agent under trial from
thase attributable to the transfused blood.
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steroid hormones. Complete clinical and haematological remissions were induced in some
cases by from 3 ta 5 gm. of cortisane in a single injection, or 1 to 3 gm. daily by mouth
for 2 to 4 days (Bemard and Deltour, 1953; Bernard ¢f al., 1954). Secondary effects in this
series of patients were apparently not marked or dangerous despite the huge dosage
employed. Similar studies have been reported in which g-alpha-fluoro-hydrocortisone, a
halogenated derivative of hydrocortisone, was used. Biological studies of this compound,
which was synthesized initially by Fried and Sabo (1953), showed that its activity was
between 10 and 25 times that of cortisone as regards glycogenesis, sodium and potassium
regulation and other metabolic eflects (Liddle &f ai., 1954). Hill and Vineent {1955} used
this material in the treatment of 16 cases of acute leukaemia. Huge daily doses from
259400 mgm., theoretically equivalent to 5 to 10 gm. of hydrocortisone, were employed
without any serious toxic effects. Dietary sodium restriction and added potassium by
mouth and intravenously kept the serum level of these substances within normal timits,
but some hypertension, acneiform eruptions, and mental disorders were encountered.
Complete remissions, both clinical and haematological, occurred in 4 out of g cases of
acute myeloid Jeukaemia and 2 out of 4 cases of lymphoblastic leukaemia. Several partial
remissions also occurred. Improvement was very rapid but relapse occurred within 6
weeks, The authors noted that there was evidence of increased erythropoietic activity,
with peripheral erythroblastosis in several cases, while in others the rapidity of the platelet
increase suggested a direct stimulatory effect.

Raaney and Geltharn (1957} gave massive doses of prednisone, totalling t gm. daily for
10 days, to 18 patients with acute leuk ia. Complete remissi lasting from a few
wecks to scveral months ensued in 5 cases and partial reraissions of similar duration in 6.
Nearly alt the patients in this series were adults. The morphological classification of the
cases proved difficult and no general conclusion could be drawn about the relationship of
the variety of acute leukaemia and the response to therapy, although the authors noted
that most of the complete remissions occurred in patients whose blood-smears were rather
more compatible with lymphoblastic than with myeloblastic leukaemia. In these patients
and in further groups with subacute leuk ia or lympt given sunilar treatment with
only poor response, toxic effects were considerable and included hyperglycaemia, pyogenic
infections, bacteracmia and septicaemia, generahized fungus infection, psychoses, and
gastro-intestinal ulceration and perforation. In view of the serious and frequent side-
effects and the short duration of the remissions induced, Ranney and Gellhorn did not
think it reasonable to d massive predni dosage as a treatment of choice in
acute leukaemia in adults, and even less so in children, whose response to more ortbodox.
therapy is much better than that of adults.

Prednisone doses up to 3 gm. daily were used by Hill, who reported an overall complete
remission rate of 75 per cent in 16 cases of acute leukaemia (Hill, 1957), and although toxic
effects were again troublesome, he regarded massive dosage as justified when a rapid
response was urgently required and in resistant or terminal cases after other mades of

therapy had failed.

Biood or plasma transfusion .
ly regarded as a supportive ancillary measure in the

fusion is e
mi;l:;edm:mt of leukaemia, but in acufe feukaemia these is now substantial evidence that
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CHAPTER 11
GENERAL PRINCIPLES OF THERAPY

III. Symptomatic and Supportive Treatment

DeseriTE the advances in radiotherapy and selective chemotherapy, leukaemia re
an ultimately fatal discase, the course of which, however palliated, is beset from ti
time with sedous symptomatic problems requiring ad koc treatment. In this ct
consideration will be given to some of the more important of these problems, includii
emotional background in both patients and relatives, the pathogenesis and treatm
haemorrhage, anaemia and infections, and the management of surgical emergencie
pregnancies.

Emotional problems

Once an cal di: is of leul ja has been made, the position shot
described tmthfully to lhe patxent's relatives. Prognosis must necessarily be guarc
view of the spontaneous variations in the severity and course,of the disease and the |
predictable results of therapy, but emphasis may reasouably be given to the unrem
research for more effective treatment at present being actively pursued in many c
and the possibility that further si d may be made at any time. I
way somethmg can be done to temper the emotional shock experienced by the pat
family. Assurance must of course be given that everything possible, with ava
methods, will be done to preserve the patient’s comfort and freedom from distn
symptoms,

‘When the patient is an adult some direct explanation of his disease is required.
much he should be told, and at what stage, will depend on his character, personalit
convictions. He should certainly be told the truth about his condition, but not neces
the whole truth, at least initially. The explanation may be given that he has deve
a blood disease for which there is as yet no permanent cure, but which is often ame
to treatment for long periods under careful medical supervision. Direct questions ar
answered directly, though with as optimistic a bias as is compatible with honest:
particular the fatal nature of leukaemia, in the existing state of medical knowledge, s
not be denied; 1t is a patient’s right to know when he is suffering from a fatal dise

Emotional disturbances may be expected to occur in patients of any age who arc
to appreciate the gravity of their illness, whether this has been frankly discussed wit
physician or not. There is evidence, however, that certain psychological abnormalit
leukaemic adults may have existed before the appearance of the somatic disease anc
perhaps have predisposed to its development. Greene (1934) and Greene, Youn;
Swisher (2956) reported studies on 20 males and 32 females with leukaemia or mali)
lymphoma, from which they concluded that the majority of patients had suffered
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various types of personal loss or separation from a key object or goal, with resulting
depression, sadness or hopelessness, and sometimes fatigue, weakness, anorexia and
nausea for weeks or months before apparent onset of the somatic disease. Depressive
responses, hysterical and anxiety reactions and vegetative neuroses occurring during the
established disease may therefore be partially an extension of pre-existing psychological
disorder, exacerbated by an awareness of serious somatic illness. While symptoms of this
kind are often present in a mild form, they rarely present a major problem, and indecd
the courage, good humour and endurance of most adult patients with leukaemia is most

impressive.
With leuk ic children the problems are of a different kind. In studies of the psycho-
logical aspects of management of children with leuk ia and other mali t diseasc

Richmond and Waisman (rg55) and Bernard and Alby (1g56) noted that, while some
patients manifested anxiety, and reactions varied of course with age and level of under-
standing, most children were ignorant of the idea of personal death and showed passive
acceptance of their disease and resignation to it. Some even appeared slightly melan-
cholic. The psychological reactions of the parents were far more dramatic, with the display
of strong emotions of fear, lack of acceptance, and culpability. The importance and nature
of these reactions and the part the physician can play in their prevention or amelioration
have been discussed extensively by Bozeman, Orbach and Sutherland (1955). They con-
ducted a study of the adaptation of z0 mothers to the threatened loss of their childre{l,
aged 1} to 6} years, from acute leukaemia. They found that the diagnosis of leukaemia
had a devastating impact on all mothers, manifested by hostility towards doctors, failure
to accept the implications of the diagnosis, frantic attempts to disprove its accuracy by
seeking other medical opinions, and inability to comprehend explanatory information.
Many mothers expressed guilt and believed themselves personally responsible for the on_sct
of disease by reason of real or imagined failures in devotion to and care and protection
of the child. Acute separation anxiety was present in every case during the initial admis-
sion to hospital, and the mother’s fears increased those of the child. Emotional support
{rom family, neighbours and friends was an urgent requirement, but was rarely adequately
supplied. Maternal grandmothers in particular, with few exceptions, fzul.ed to provide
sympathy and support and appeared reluctant to give practical help with household
roblems. .
P The physician’s responsibility cannot therefore be confined to the treatment of the child,
but must include efforts to relieve the parents’ reactions by establishing a sym}.)athet{c
and supportive relationship with them. They should not be told of the suspected diagnosis
until it has been verified with certainty, and the doctor must expect to encounter resent-
ment and hostility and be prepared to meet this without offence or indifference. l\'la'ny
parents will seek to refute the diagnosis by alternative consuhat.xons and the phys_man
chould not be antagonistic to this natural desire. Feclings of guilt shoul'd be allc\:mted
by convincing reassurance, a(;ld quest}ons concerning the nature and genesis of the disease
vered fully and patiently.
Sh%“oliﬁxcaﬁm ::; rher assgciatespnotcd a strong desire on the part of all parents to prolong
the lives of their children as much as possible, even when they were aware of the mt;]vltable
outcome. They grasped eagcrly'nt the possx!]xlxty of expenmcntal or rcsi(;;:-ch t :;;i);
Active treatment helped to sustain hope and, in the terminal stages of the illness, e
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the parents to feel that they had not neglected any step which might have been beneficial,
Fortunately the treatment of leukaemia can be conducted largely on an out-patient basis,
and this reduces the scparation fears, but when admission to hospital is imperative the
parents should have ready access to the child, and the mother should be. enab.led, if
possible, to continue maternal activities such as feeding, comforting and playing with the
child with the full co-operation of the hospital staff.

An intelligent and sympathetic appreciation of the emotional disturbances induced in
patients with leukaemia and in their relatives can do no more than minimize reactions
which are inevitably severe, but whatever measurcs may alleviate mental suffering
and distress, abolish feelings of guilt and reduce the anxiety of separation must be
regarded as an essential part of the physician’s duty in his general management of the
disease.

Emotional difficulties are most prominent, of course, in acute leukaemia, while in chronic
forms of the disease the more insidious course gives better opportunity for gradual
adaptation both by the patient and by the relatives. Moreover, since chronic leukaemias
are rare in childhood, acute parental anxiety is less likely to occur. Nevertheless, the need
for constant encouragement and sympathy remains very important, particularly at times
of relapse, and the patient and his family must always be made to feel that everything
possible is being done for him, that his progress is under constant and positive medical
control, and that the hope of inducing further issions and prolonging life will not be
abandoned.

‘The pathogenesis and control of haemorrhage

A bleeding tendency, ranging in severity from an increased liability to bruise after
minor trauma to the sp devel of widespread hiae and
accompanied by haemorrhages from mucous membranes, is frequently observed in acute
leukaemia and is not uncommon at some stages of chronic leukaemiz. Thrombocytopenia
is almost invariably present when bleeding occurs, but there is evidence that other factors
may play an important part in the pathogenesis of bleeding.

Freeman and Hyde (1952) studied the platelet levels, prothrombin activity and heparin-
protamine titres in bleeding and non-bleeding leukaemic children and in a group of
normal cluldren. Clinical evidence of bleeding was not found in patients with platelet
counts above 55,000 per cu. mm., whereas most of those with lower counts did show
spontaneous petechiae and ecchymoses or frank haemorrhages. Among 331 blood speci-
mens examined, g4 from non-bleeding individuals showed platelet counts above 55,000
per cu. ., and 221 from patients with clinical signs of bleeding had platelet counts
below this level. In the remaining 36 instances, however, there was no evidence of bleeding
although the platelet counts were below 55,000 per cu. mm. While platelet deficiency
therefore appeared to be essential if bleeding were to occur, examples of critically low
platelet counts in patients who nevertheless did not bleed were not uncommon. Prolonga-
tion of one-stage prothrombin times was found in about half of the patients with bleeding,
but this coagulation defect was not further analysed. Heparin-protamine titrations to
measure the level of circulating anticoagulants with heparin-like activity were performed,
but although raised titres were found in 127 of 239 blood specimens from leukaemic
patients, bleeding occurred as often among those with normal levels as among those with




196 GENERAL PRINCIPLES OF THERAPY

elevated titres. Moreover, identical means and similar distributions of heparin-protamine
titres were found in both bleeding and non-bleeding groups.

The possibility that infection might influence the development of haemorrhage in
thrombocytepenic leukaemic patients was suggested by the observation that fever was
more common during periods of bleeding than at other times (Freeman and Buckley,
1954). Secondary infection was usually present, and since it has long been known that
bacterial extracts or autolysates may sometimes cause thrombocytopenic bleeding
(Julianelle and Reimann, 1926) and may inhibit coagulation in vitro (Goodner, 1933), it
seemed possible that the bacterial invaders might contribute to the failure of haemostasis.
Freeman (1952) showed that bacterial polysaccharides from cultures of Friedlinders
bacillus and Serratia marcescens had an anticoagulant effect on normal plasma from leuk-
aemic patients. Freeman and Buckley {1954) measured the protein-bound serum poly-
saccharide in 57 leukaemic children with platelet counts below 60,000 per ci. mm. and
showed that the risk of bleeding increased directly with the polysaccharide level at low
platelet concentrations, although the correlation fell off when platelets were above 25,000
per cu. mm, Platelets and polysaccharides varied independently, but both appeared
important in the haemorrhagic diathesis of leukaemia. The authors regarded the increase
in polysaccharides as a result of secondary infection with fever rather than as a manifesta-
tion of leukaemic cell proliferation, since individuals with advanced leukaemia, but with-
out infection or bleeding, had normal polysaccharide levels.

Fibrinolysis and hypofibrinogenaemia have been observed occasionally in bleeding
leukaemic patients, but neither of these abnormalities is commen (Janbon, Bertrand and
Mironze, 1948; Giraud et al., 1954; Cooperberg and Neiman, 1955; Pisciotta and Schultz,
1955)- In most cases the patients have also been severely thrombocytopenic.

The multiplicity of factors occasionally incriminated in the genesis of leukaemic bleeding
and the lack of any single consistent and satisfying explanation for this frequent and
serious complication led Lewis and her associates (1957) to conduct a battery of tests of
haemostatic function in 39 patients with various forms of leukaemia and to compare the
results with those of similar tests in 24 patients with thrombocytopenia arising from
different causes. The tests included platelet counts, examination of bone-marrow aspirates
for megakaryocytes, measurement of clot retraction, prothrombin consumption, and
platelet thromboplastic and accelerator activity, serotonin assays, tourniquet tests and
tests of bleeding time. Plasma studies included determination of clotting times, 1-stage
prothrombin times, plasma thrombin times, prothrombin, factor V and factor VII C?ntent.
and assays of plasma thromboplastin component (Christmas factor) and fibrinogen.
Search was also made for fibrinolysins and platelet agglutinins, ““Even after this rather
extensive and painstaking study”, the authors wryly observed, *‘no simple answer 15

apparent for the question: Why do leukaemic patients bleed? ” Depression o_f the platelet
count and the level of plasma factor V were frequently noted in the leukaemic group, but
neither of these abnormalities correlated well with the degree of bleeding. Megakaryocytes
were usually few in leukaemia when the pla.te_let count was low, in contrast to the general
finding of megakaryocytic hyperplasia in idiopathic thrombo_cytopemc purpura. Othzj
differences between these two groups were the results of tourniquet tests, usually Mr;'ﬂ
in leukaemia and strongly positiYe in I.T.P., and a_f bleeding t.lmcs,‘\vluclzwtere ieis: fhtaesg
prolonged in leukaemia. Serotonin levels were low in leukaemic patients, but no
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with IT.P. Evidence of fibrinolysis was found in 5 of the 39 leukaemic patients, butin 3
of these the bleeding was only slight or moderate.
The majority of investigations carried out on the ha ic mechanism in leuk
have been done in patients under treatment with steroids, antimetabolitcs, cytotoxic
drugs or X-rays, and it has not been possible to exclude or evaluate with accuracy the
effects of such therapy on platelet activity and plasma factors. Among the patients
studied by Lewis and her colleagues a very striking correlation was seen between the
general clinical status and the tendency to bleed. Clinical deterioration in both acute and
chronic leukaemias was invariably found when bleeding occurred, and patients in good
remission did not bleed. This observation, which is in conformity with the impressions of
most clinicians concerned with leukaemic patients, underlines the importance of regarding
Dbleeding in leukaemia as an integral part of the disease process, The best treatment for
this symptom is therefore to induce ission of leuk ic proliferation, and one need
not hesitate to use potentially thrombocytopenogenic drugs in the presence of leukaemic,
thrombocytopenic bleeding, 1f there is a reasonable expectation of inducing remission by
their action. When thrombocytopenia and haemorrhages develop during treatment with
cytotexic agents it is not always easy to decide whether the platelet fall is the result of
drug action or of leukaemic relapse. If the drug is responsible, there will usually be
evidence of pancytopenia and marrow hypoplasia, and treatment should be stopped or
changed, but if intensive leukaemic activity is present, continuation of cytotoxic therapy
may still be effective against both the leukaemic relapse and the accompanying bleeding.
When remission cannot be induced the bleeding can only rarely be controlled. Tem-
porary improvement may follow transfusion with fresh blood taken into plastic bags or
siliconized apparatus to preserve platelets, and treatment with prednisone may also be
helpful in improving capillary resistance although the platelet level does not usually
increase unless some degree of remission in the leukaemic process is induced. Direct local
haemostatic measures, such as cauterization of bleeding points on the nasal septum,
or the application of gauze packing or pressure bandages, are generally fruitless unless
jed by anti-leuk ic therapy. The chief value of all these pro-
cedures lies in their contribution to temporary control of serious haemorrhage during the
early stages of treatment with effective chemotherapy.

The pathogenesis and control of anaemia

Anaemia is almost invariably present at some stage of the disease in all forms of leuk-
aemia, but the way in which it is produced is not yet clear. When a haemorrhagic state
exists, blood loss may contribute to the genesis of anaemia, and this factor is commonly
important in acute leukaemia, but in most patients with chronic leukaemia and in many
with acute, anaemia develops in the absence of overt haemorrhage. Deficiency of accepted
haematinic factors such as iron, folic acid, vitamin B,,, and ascorbic acid, appears patho-
genetically unimportant, since there is no resp to their
is true for hormones such as thyroxine,

Mechanical overcrowding of the marrow with leucopoietic tissue was long believed to
reduce erythropoietic activity and so to produce a hypoplastic or aplastic type of anaemia,
and the great increase in the myeloid-erythroid ratio in marrow aspirates and sections lent
support to this hypothesis, The rise in haemoglobin level and red cell count commonly

ration, and the same
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found when white cell proliferation is reduced by therapy is also in accord with the idea
of overcrowding. Nevertheless, the early observations of Jaffé (1935) and of Kress (1934)
drew attention to the frequent presence of phenomena suggesting increased destruction
of red cells, and the existence of active erythropoiesis. Haemosiderosis, erythrocyte
phagocytosis and high excretion of bilirubin were described. These findings were not
generally confirmed, however, and most investigators before 1949 felt that frank haemo-
lysis was only rarely a contributory factor in the anaemia of leukaemia {Collins and Rose,
1948].

Fresh light was thrown on the problem by the studies of Huff and his associates (1949,
1950), who used radioactive iron to investigate plasma and red cell iron turnover in various
blood diseases and found that the rate of red cell production in most cases of chronic
leukaemia was, surprisingly, not diminished, but normal or even increased. This finding,
in association with anaemia and low total erythrocyte mass, suggested that anaemic,
leukaemic patients must have a shortened red cell life~span. Experimental support for
this suggestion was obtained by direct measurement of the red cell life in leukaemic
patients, using C*é-labelled glycine (Berlin, Lawrence and Lee, 1954). In five cases of
chronic granulocytic leukaemia a finite but shortened life-span of 70 to 100 days was
found, in keeping with the existence of an intrinsic defect in the red cells. In two patients
with chronic lymphocytic leukaemia finite life-spans of 102 and 113 days, little below
normal, were found, but in a third patient random destruction of red cells took place,
with average life-span as low as 18 days, suggesting the possible existence of an extra-
corpuscular haemolytic factor. Since 1950 several other workers have confirmed the
shortening of erythrocyte life and the normal or increased rate of erythropoiesis in patients
with chronic leukaemias and anaemia (Ross, 1951; Berlin, R., 1951; Brown, Elliott and
Young, 1951; Ross et al.,, 1954). The existence of auto-immune haemolytic anaemia in 2
considerable proportion of patients with chronic lymphocytic leukaemia has been discussed
previously (see Chapter 7), and it is in such patients that very short red cell life-spans,
with random destruction, may be expected. When an auto-immune state is not present
in chronic lymphocytic leul i ia is less striking and the erythrocyte life-span
is generally finite and nearly normal; in these cases anaemia may in fact be due to en-
croachment of proliferating lymphocytes and reduction in red cell formation and release.
The pathogenesis of anaemia in chronic granulocytic leukaemia is still not clear. A_ﬂ
intrinsic red cell defect of uncertain nature may be present, as proposed by N. I. Berlin
and his associates in view of their finding a consistently shortened finite red cell life-sp:}n.
but the observations of R. Berlin (1651), with the Ashby technique of differential agglutm-
ation, suggest that transfused normal cells also have a much shortened sun{iva‘l in the
circulation of patients with chronic granulocytic leukaemia and this would indicate an
extrinsic destructive mechanism, perhaps related to the degree of splenomegaly.

In acute leukaemia, anaemia appears again most often to be duc toa shonen.mg of red
cell survival, with normal or accelerated erythropoiesis (Schapira ¢f al., 1954; Boiron ¢t al.,

1935) Both the patient’s own cells and_ tmnsfuseq normal ce]}s have been found to be
destroyed prematurely, and an extrinsic dgsfmchve mec_:hamsm must prgsumal;]ly b;
responsible. Evidence of auto—immur_xc activity is rare in acute leukaemia, alt. t;ue:_
isolated instances are recorded (Frumin and Kohn, 1955), :’“t an zftbnarmal :‘,‘:;’tzo vﬁ'}f
system of possible importance has been observed in the plasma of some pati
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acute leukaemia by Crosby and Benjamin (1957). This haemolytic. system can be
detected by incubation of sterile blood and differs from the mechanisms operative in

p is, pl t-antibody 1 lysis and p 1 noctumal h ]
binuria. It occursnot only in acute leukaemia, but also in some patients with lymphomata
or other disseminated neoplastic states. The signi of this system in the pathogenesis
of anaemia has not yet been established.

In all forms of leukaemia, but especially in the acute disease, anaemia may of course
be due to marrow aplasia, when a general aplastic state arises during the course of the
illness, and it is then panied by 1 penia and thrombocytopenia, and marrow
aspirates are poorly cellular. A similar picture may be produced by aggressive therapy,
and the development of an aplastic phase with associated anaemia often precedes the onset
of remission and return to normal haemopoietic activity.

Withregard to t of ia in Jeuk ia, the most effective measures, as with
leukaemic thrombecytopenia, are those directed against the leukaemic process. Control
of leukaemic proliferation by chemotherapy or radiotherapy is nearly always paralleled
by a rise of haemoglobin to normal values, and, in general, no other effective treatment
for the characteristic anaemia exists. Blood transfusion may be of temporary benefit and
sometimes enables a patient to survive long enough for more specific anti-leukaemic
therapy to take effect, but it is rarely possible to maintain a sustained high level of haemo-
globin for any worthwhile period by transfusion alone, unless the transfusion itself induces

ission, as it may ionally do in acute leul ia. When an auto-i haemo-
Iytic process is present, treatment with prednisone in doses from 5 to 30 mgm. daily is
usually ful in reducing or abolishing the contribution of this process to the genesis
of anaemia and may therefore be highly effective in anaemic patients with chronic lympho-
cytic leuk ia. In acute leul ias predni: improves ia only when general
remission is induced, and in chronic granulocytic leukaemia it is usually inefiective.

The value of splenectomy in the control of anaemia in leukaemic patients has been a
subject of dispute for many years. Immediate operative mortality was high in the earlier
cases treated by splenectomy; Hagen, in 1900, collected reports of 42 patients with
leukaemia who had been subjected to splenectomy and found that 38 of them died as a
tesult of the operation, Advances in surgical technique and the use of pre-operative
radiation to reduce the size of the spleen brought the operative mortality below 5 per cent,
and with suitable selection of cases the figure would now be very much lower. While
the operation is unlikely to be immediately harmful, its possible beneficial effects have
not been clearly established. R.Berlin (1951) carefully reviewed the literature on splenec-
tomy in leukaemia and presented the results of red cell survival studies before and after
operation in a series of patients with chronic leukaemia. He found some correlation
between the initial reduction in erythrocyte life-span and the extent of splenomegaly, and
a return towards normal erythrocyte survival after operation. In his view splenectomy
was unquestionably of value in those cases where considerable splenic enlargement was
present in association with a normochromic anaemia, moderate reticulocytosis, persistent
urobilinuria, increased faecal stercobilin, and curtailment of the red cell survival time.
These circumstances were most likely to arise in chronic granulocytic leukaemia, and he
recommended that the operation should be performed as early as possible in the course
of the disease and should be preceded by the induction of as full a remission as could be
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obtained by radiation or chemotherapy. Splenectomy might then be expected to improve
anaemia and perhaps enable longer remissions and a greater average length of life from
onset of the disease to be achieved. The available reports do not, however, provide con-
sistent evidence that any significant prolongation of life results from splenectomy as
compared with modemn methods of chemotherapeutic control, since no substantial series
of cases with adequate follow-up has been studied in recent years. Most physicians
undoubtedly believe that splenectomy has no place in the routine management of chronic
granulocytic leukaemia, nor, indeed, of any other form of leukaemia, but should be
reserved for consideration in patients with intractable anaemia and splenomegaly who
have failed to respond to medical measures. In such patients dramatic relief may occa-
sionally be obtained (Fisher, Welch and Dameshek, 1952).

Fever and infection in leukaemia

Fever is an extremely common feature of acute leukaemia and frequently develops at
some stage in the chronic leukaemias. While pyrexia has often been regarded as an
integral part of the disease, related to increased metabolic activity, several recent studies
have thrown doubt on this conception, suggesting instead that fever in leukaemia is
almost invariably secondary to infection. Louis, Limarzi and Lepper (1956) reviewed the
clinical course of 41 patients with leukaemia (32 acute and g9 chronic) who exhibited a
total of 82 febrile episodes. Bacterial cultures were made in 4z episodes and proved
positive in 38, and in a considerable proportion of febrile episodes which were not studied
bacteriologically improvement took place with or without antibiotic therapy. The most
frequent sites of infection were the blood, the respiratory tract and the ear, and the most

organi Strep viridans, Pscudomonas and coliforms. The onset of
infections could not be correlated with the total leucocyte count, the degree of remission
or the type of therapy. The authors concluded that infection was the primary cause of
fever in leukaemia.

Silver and his colleagues (1958) carried out a more detailed and comprehensive study,
with bacterial, viral and fungal techniques, in 36 consecutive patients with acute leuk-
aemia. Only 2 of the patients remained free from fever throughout the period of study,
and g2 febrile episodes occurred among the remainder. Infection was established as the
cause of 44 of these episodes, the most common illnesses being phamygitis, pyelonephritis
and septicaemia, and the most c organi: Escherichia coli, coagulase-positive
staphylococei and Pseudomonas aeruginosa. With appropriate antibiotic treatment, 34 of
these episodes cleared up satisfactorily, but in 10 the infection could not be controlled
and terminated fatally. In a further 15 febrile episodes, although bacterial or viral infec-
tion was not proved, there was a presumptive relationship to respiratory tract infection,
with clinical and radiographic evidence of disease, and in every case the fever subsided
during antibiotic therapy. An infective cause could not be found for the remaining 33
febrile attacks, but mevertheless I9 of them responded to penicillin, streptomycin or
tetracycline, and 8 of the 14 which did not respond eventually terminated in serious overt

jal infection.
ba?:xe:’:;ll;sfing and discussing-their data, Silver and his associates noted that feyer rclqtffd
to demonstrable infection was relatively more common than icyer of undetermined onigin
in adults, whereas the reverse was true in children. Infective causes for fever were
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siently common in both groups, however, to justify regarding any febrile episode as
to infection until the absence of Jocalizing physical signs and negative bacteriological
radiological examinations proved otherwise. The response of bacterial infections to
Jiotics was dictated not only by the sensitivity of the organisms but also by the
natological state; infections could be more easily lled when the leuk i
ess showed a degree of remission, and were most refractory in severe leukaemic
Ise.
a¢ high incidence of infections, often with organisms of relatively low virulence, in
aemia, and the obvious disturbance of the h poietic and reticul dothelial
ems in that disease have long suggested an impairment of the cellular and humoral
hanisms of anti-bacterial defence. The cellular response to local infections was studied
‘afié (1932), who found that leukaemic patients with mature granulocytes in the circu-
»n reacted with a morphologically normal infl tory exudate, but when granulo-
sis was exhausted there was no leucocytic defence reaction, Immature granulocytes
not appear in inflamed areas and played no apparent part in local defence. Subsequent
sstigators have confirmed these observations (Silver ¢f al., 1958), although there has
1 some dispute over the phagocytic capacity of mature neutrophils in leukaemia.
shberg (1939) noted that infection might develop in acute leukaemia, when the mature
trophil count was high, and found some evidence of impaired phagocytic activity of
se neutrophils. It is certainly true that severe infections may develop in patients with
1 absolute neutrophil counts, although such patients usually have very much higher
nbers of primitive cells, and, on the other hand, patients with very low neutrophil
nts sometimes remain relatively free from infection. Neutrophils in Jeukaemia might
refore be thought to have little functional importance in resisting invasion by pyogenic
anisms. However, the experiments of Brande, Feltes and Brooks {1954) and of Silver
L his associates (1957) have demonstrated unimpaired phagocytosis of vanous organisms
luding staphylococci and Brucella, by mature neutrophils from the blood of patients
h leukaemia, despite the lack of a clear correlation between the level of mature neutro-
1s and lability to infection.
i( of anttbody resp to injected antigens have shown a normal capacity
react in chronic granulocytic leukaemia, but a poor response in chronic Iymphocytic
kaemia (Larson and Tomlinson, 1953), and this finding may partly explain the greater
sility to infections observed in the lymphocytic as pared with the \! ic
m of chronic leukaerma (Wintrobe and Hasenbush, 1939). In the acute disease, the
tibody reactions of a group of patients studied by Silver and his co-workers (1958) were,
average, less than those of a control group of normal subjects, but some leukaemic
tients reacted strongly to injected antigens and the extent of response in any individual
11d not be correlated with the observed frequency or severity of infections. This
riability in antibody response is paralleled by a similar variability in levels of serum
mma-globulin, but it is interesting to note, in connection with the susceptibility of
tients with chronic lymphocytic leukaemia to infections, that several investigators have
1md striking d in the serum g; globulin levels in a high proportion (40 to
per cent) of patients with this form of leukaemia (Creyssel et al,, 957; Jim, 1957;
adson and Wilson, 1957). There was some evidence that imnfections occurred more
'quently when hypogammaglobulinaemia was present, but both features were more
°
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marked in the later stages of the disease. In chronic granulocytic leukaemia and in acute
leukaemias, marked changes in serum globulin levels were uncommon.

An additional factor which may play a part in determining predisposition to infection
in leukaemia is properdin. The techniques at present used for properdin assay are rather
elaborate and there has been a certain lack of uniformity in results reported from different
laboratories. Hinz (1957) found normal levels of serum properdin in patients with leuk-
aemia, and Rottino, Levy and Conte (1958) found little depression in the few leukaemic
sera they assayed. On the other hand, Eyquem and Tullis (1957), from a study of 28
patients, reported low values of properdin in chronic lymphocytic leukaemia but normal
values in chronic granulocytic leukaemia, while Hunter and Hill (1958) found very low
levels in 8 sera from acute lymphoblastic leukaemia and moderately low values in 7
patients with acute myeloblastic and 3 with chronic lymphocytic leukaemia. The patients
in most of these studies included treated and untreated persons and those in various
phases of disease, and no correlation has emerged between properdin levels and severity
of the disease process. Nevertheless, it does appear that properdin values are lowest in
those types of lenkaemia, the acute and chronic lymphocytic forms, in which infection is
most prevalent, and Hunter and Hill suggest that the appropriate administration of
properdin may eventually prove vital in treating leukaemia.

The management of infections in leukaemia should follow accepted general principles.
When a causative organism has been identified, local and systemic treatment with anti-
biotics or other suitable agents chosen according to the sensitivity of the organism is
frequently successful. Persistent fever of undetermined origin may respond to antibiotics,
and their administration for 7 to 10 days is worth a trial. If possible, intramuscular
injections should be avoided in leukaemic patients with a severe bleeding tendency, since
tissue haemorrhages may occur at the site of injection, and orally administered antibiotics
are therefore to be preferred. The use of prophylactic antibiotics during periods of relapse,
in an attempt to prevent the onset of infection, is of rather doubtful value. Silver and his
associates (1958) observed that many of the infections encountered in their study were due
to penicillin-resistant staphylococei, or to Pseudomonas, and would probably not have
been prevented by the usual dose and type of antibiotics used in prophylaxis. Long-term
prophylactic use of antibiotics is certainly inadvisable, because of the risks of super-
infection with fungi following upon alterations in the normal bacterial flora of the alimen-
tary tract.

‘The incidence of secondary fungus infections in leuk ia has i d consp y
in recent years. Keye and Magee (1956) surveyed retrospectively the incjdence of fungus
infections complicating other diseases among 15,845 patients over the p.enod 1919 t0 1955.
A high proportion of these infections since 1947 occurred in leukaemic patients, but no
instances of mycotic infection in patients with leukaemia or malignant lymphoma were
found in this series before 1947. In the last two years of the survey (1954 ?nd 1955)
complicating fungus infections were found in no less than zo per cent of patients with
leukaemia and lymphoma. Histoplasmosis, crytococcosis, mucormycosis, candidiasis and
aspergillosis were all involved in the increase, Candlfil'aSlS being the most COl‘K]leOl"l) supe;
infection. Similar findings were reported by Stefanini and Allegra (1957), who o ;erve

fungus infections in only 3 per cent of acute leukaemia patients durmgt thxe pex;gd :g;i
to 1947, but 14 per cent and 22 per cent respectively in the periods 1947 to 1949
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to 1956, While some part of the increase may be due to improved diagnosis and to longer
survival of leukaemic patients with a consequently greater opportunity for the develop-
ment of complications, there seems little doubt that modem forms of treatment heighten
susceptibility to fungus infections. Antibiotics, especially the tetracyclines, certainly
encourage the emergence of fungi, either by directly enhancing growth or by destroying
intestinal bacteria which normally exert a controlling influence on the fungal flora of the
gut (Seligmann, 1933; Huppert, MacPherson and Cazin, 1953; Oeding and Austerheim,
1954). Adrenocorticotrophic hormone, cortisone and related steroids also appear to
decrease resistance to the spread of fungus infections (Mankowski and Littleten, 1954).
Finally, antimetabolic and cytotoxic drugs used in the chemotherapy of leukaemia com-
monly produce leucopenia which may in turn increase susceptibility to mycoses. Since
agents in all these classes were introduced for the treatment of leukaemia in rapid succes-
sion after 1948, it is not easy to ascribe the precipitate increase in fungus infections to the
use of any one of them, Probably they all play a part in determining predisposition. Thus,
fungi were isolated from 18 of the 36 patients with acute leukaemia studied by Silver
et al. (1958), and in only balf of those showing clinical evidence of fungus disease was there
any temporal relationship to antibiotic therapy. Despite the incrimination of therapeutic
measures in the pathogenesis of fungus infections, such infections commonly resolve
satisfactorily if remission is induced. Moreover, they are usually confined to the pharynx,
and even if disseminated cannot be regarded as contraindicating appropriate chemo-
therapy if there is any hope of remission being achieved. The di t due to pharyngeal
moniliasis and the risk of Jocal and generalized spread are considerable, however, and active
fungicidal therapy should be instituted as soon as the infection has been recognized. A
generally effective agent is fortunately available in nystatin {mycostatin, fungicidin), an
antibiotic derived from Streptomyces nouses (Hazen and Brown, 1950). Nystatin has been
shown to be active » vifyo against many fungi, including the common species of Candida,
and it 1s highly effective against experimental infections with Candida albicans in the mouse
(Brown, Hazen and Mason, 1953). Favourable clinical results in fungus infections of man
have been reported, some in cases of superinfection in levkaemia. Bernard, Mathé and
Drouhet (1953) recorded good results in 6 cases, 3 with acute leukaemia, 2 with lympho-
cytic, and x with granulocytic leukaemia, All these patinets had buccal and pharyngeal
thrush. Numerous Candida organists were present in the stools of 4 patients and in the
urine of 3, while T patient had high fever and 2 positive blood culture of Candida. Treat-
ment with nystatin, locally applied to the mouth and pharynx, or given systemically in
oral doses of 0-2 to x-0 gm. daily, equivalent to 500,000 to 2,500,000 units, led to rapid
resolution of the mycotic lesions in from I to 1o days. Other similar experiences have been
reported, and although nystatin is not always effective in fungus infections it is invariably
worth trial. It may be conveniently applied as a local paint to lesions in the mouth, but
if candidiasis is more widespread, daily oral administration of 3 to 8 nystatin tablets, each
containing 500,000 units, is advisable.

That appropriate treatment of infections with antibiotics successfully prolongs the life
of many leukaemic patients is unquestionable. Bierman and associates {1g50) found that
the frge use of. bloed transfusions and antibiotics had increased the average survival time
of children with acute leukaemia from 5:6 to 8-9 months, before the introduction of
specific anti-leukaemic chemotherapy. Southam and colleagues (1951) similarly observed
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a steady increase in survival times over the years 1935 to 1948, in parallel with the
increasing use of supportive measures such as blood transfusion and systemic anti-bacterial
chemotherapy with sulphonamides, penicillin and other antibiotics. While antibiotics
therefore improve survival, there is no evidence that they play any significant part in
inducing remissions of the Jeukaemic process, and their use must be regarded as purely
supportive in the overall management of the disease.

Perhaps the most puzzling and fascinating aspect of the relationship between acute
infections and leul ia is the accasional develop t of clinical and haematological
remission as an apparent consequence of infection. Isolated reports of this phenomenon
have appeared in considerable numbers, and as early as 1904 Dock was able to collect
sixty-five references to remissions in leukaemia following acute infections. It s, of course,
true, as Wintrobe and Hasenbush (1939} pointed out, that the great majority of infections
do not induce ission and that issions following infection rarely occur in chroic
Jenkaemia, but a surprisingly high proportion of remissions in acute leukaemia in the years
before effective chemotherapy scem to have had a temporal relation to a previous severe
infective episode. Diamond and Luhby (1951) reviewed the case histories of 270 children
with acute leukaemia and found among them 26 examples of remission, preceded in cach
case by leukopenia and marrow hypoplasia. Severe infections were found to have occurred
immediately before the hypoplastic phase in 1x of 12 “completely” remitting patients
and in 10 of the 14 showing partial remissions. The question was further studied by
Southam and associates (1951), who noted that remissions in patients with acute leuk-
aemia treated with supportive therapy alone were frequently, but not always, preceded
by a period of fever. These workers found it difficult to accept any causal relation between
infection and remission, but nevertheless speculated that nutritional deficiency during 2
period of debilitating fever might deplete metabolic reserves and so lead to remission, or,
alternatively, that the adrenal stress of a febrile illness might stimulate the liberation of
adrenal cortical hormones active against the leukaemic process. Bierman and his
colleagues (1953) reported marked clinical and haematological remissions of acute lympho-
blastic leukaemia in 2 children with staphylococcal septicaemia and in 1 child with
varicella; injection of feline panleukopenia virus intramuscularly into a further 6 children
with acute leukaemia produced febrile episodes, followed in 1 child by a good remission
and in ancther by 2 partial improvement. Experimental attempts fo set up infection
swhich might induce remission have also been carried out by Taylor (1953), who observed
a clinical remission in an adult patient with acute monocytic leukaemia coincident with
the appearance of glandular-fever type cells in the peripheral blood and a positive Paul-
Bunnell heterophil antibody reaction in the serum. Injections of 2 to xo ml of glandular-
fever serum were therefore given to 5 further patients with monocytic leukaemia. In 2
cases no evidence of infection appeared and the leukaeniia ran an unmodified course, but
in the other 3 patients positive Paul-Bunnell reactions developed and glandular-fever
cells appeared in the peripheral blood, while at the same time the leucocyte counts fell,
with a reduction in the percentage of monoblasts, and there was a tendency for haemo-

in Jevels and platelet counts to rise.
gl?[t‘)hl: l::cllsl:nung of post-infective remissions and the possible therapeutic_value of
induced infections remain speculative, and the scope for experimental studies in mzutl‘ ;:i
cleasly restricted, at least to patients in the terminal stages, because of the potenti
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danger that.artificial infection may prove lethal and since chemotherapeutic means of
treatment are so often effective in the earlier stages of the disease. Useful information is,
however, being derived from animal experiments, such as those of Nadel and Haas (1956)
on the retarding effects of lymphoacytic choriomeningitis virus on the course of transplant-
able leuk ia in guinea-pigs, and an expl ion and even perhaps a therapeutic use
for this curious relation between infection and remission in leukaemia may eventually be
found.

The management of surgical emergencies

Leul ic patients in remission or under satisfactory therapeutic control tolerate
surgery reasonably well, and elective operations such as splenectomy, prostatectomy
(Swersie, 1956), and even lung rescction (Effenberger and Schulte, 1957) may be performed
without undue risk. Acute emergencies calling for immediate surgery can be dealt with
in an orthodox way without serious risk of disaster in times of remission, but in patients
having florid leukaemia, especially acute forms, the risks of post-operative infection and
haemorrhage are great. Transfusions of fresh blood and the provision of prophylactic
antibiotic cover at the time of operation and during the next week or ten days help to
minimize these dangers, but even minor surgery should not be lightly undertaken in
leukaemic patients in relapse.

Leukaemia and pregsancy

‘Women with leukaemia rarely become pregnant, and since leukaemia is not a common
disease its onset during pregnancy is correspondingly rare. Nevertheless, examples of the
association of leukaemia and pregnancy have been sporadically reported for many years
and detailed information on many aspects of the subject can be derived from successive
Teviews of {he literature {Grier and Richter, 1939; McGoldrick and Lapp, 1943; Erf, 1947
Li, McBride and Mettier, 1947; Williams, 1948; Allan, 1954; Gillim, 1955; Sheehy, 1958;
Yahta, Human and Phillips, 1958). From the more recent of these reviews it is clear that
well over x50 case reports of pregnancy with leukaemia have now been published. Of the
patients described, about 56 per cent had chronic granulocytic lenkaemia, 41 per cent
acute lenkaemia, and only about 3 per cent chronic lymphocytic leukaemia. This distribu-
tion is to be expected from the known frequency and duration of the different forms of
leukaemia in women during the child-bearing period of life. In 89 patients with chronic
granulocytic leuk ia and , Teviewed by Shechy (1958), the diagnosis of
leukaemia had been established before the onset of pregnancy m 66 and during the
pregnancy in 23, but the disease may well have been present undiagnosed for some months
in many patients in the latter group. In patients with acute leukaemia the reverse of this
picture is true; the great majority develop the disease during established pregnancy, and
it is very rare for a patient with known acute leukaemia to become pregnant.

As far as the effect of pregnancy on the leukaemic patient is concerned, there is no
convincing evidence that the course of the disease is influenced in any way. Acute leuk-
aemia in the adult tends to run so rapid a course that it is not surprising to find nearly all
gravid women with this form of the disease dying before or very soon after delivery. Their
average survival from onset of the leukaemia is not very different from that of non-
pregnant adults with the same disease, and pregnancy does not therefore appear to exert
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any deleterious effect. The physical strain of parturition and the risk of severe haemor-
rhage at this time have sometimes led to early death after delivery, but other patients
with acute leukaemia have survived this experience surprisingly well, only to die of their
disease within a few weeks or months. In chronic leukaemias again many patients with-
stand pregnancy and parturition well, and although relapse or myeloblastic transformation
has sometimes been noted to follow shortly after delivery, the majority of the collected
case reports do not suggest that pregnancy can often be held to have precipitated the
terminal development.

The effects of maternal leukaemia on the foetus are not easy to assess from the figures
available. Certainly the disease never appears to have been transmitted from motker to
child, Examination of the blood of at least 60 viable infants born of leukaemic mothers,
and of sections from the tissues of many children born dead, has shown no instance of
leukaemic proliferation. One detailed haematological study of the blood and bone marrow
of a mother with subacute lymphocytic leukaemia and of her viable infant revealed no
persistent maternal influence on the leucocytes of the child (Bierman ef al.,, 1956). Ade-
quate follow-up studies of the children of mothers with leukaemia during pregnancy have
not been reported, so that it is not possible to state dogmatically that such children have
no increased liability to develop the disease in later life, but, if this were the case, it seems
probable that the association of circumstances would have been observed and reported.
Although the leukaemic process does not itself directly affect the foetus, the debility,
anaemia and tendency to infections in the mother exert a proportional effect on the foetal
health, and the more seriously ill the mother the more likely is foetal death. In acute
leukaemia previous records suggest that more than 50 per cent of infants are stillborn or
die in the neonatal period, whereas in chronic leukaemia about 75 per cent survive, Since
the chances of her bearing a healthy infant are high when the mother remains in good
remission during gestation and parturition, the foetal mortality figures derived from case
records of many years past may be over-pessimistic; with more effective modern methods
of control and total care a lower rate of foetal death may reasonably be expected.

The treatment of leukaemia during pregnancy must be designed to produce the fullest
possible remission in the mother without harming the foetus. In chronic leukaemia X-rays
have sometimes been used cautiously, care being taken to avoid any irradiation of the
foetus, and successful delivery of a healthy child has been achieved, but the possibility
of indirect radiation effects leading to foetal abnormalities cannot be ignored, and it is
perhaps wiser to avoid radiation altogether as a form of therapy during pregnancy.
Arsenic, in the form of Fowler’s solution, may be used without deleterious effect on thp
foetus and has been recommended for this situation by several authorities (Angelucci,

1944; Erf, 1947; Whitby, 1956). Supportive transfusions can of course be given as
required. Urethane bas also been employed, but this drug and the more recent alkylating
agents have not been used enough cases to justify a conclusion as to thcx_r merits, Smgc
most antimitotic agents exert a strong action on rapidly dividing embryonic tissues, their
use should be avoided wh possible, and if a decision is taken to use such (iriigs as
busulphan or chlorambucil in chr?nic leukaemia the dose shoulq be kept to the minimum
compatible with moderate remission. The same argument applies to the use of antimeta-
bolites in acute leukacmia. Tre:}tmcnt has been given successfully with 6;1mcrc§;}zltapunne,
continued during pregnancy in a dosage of 2+5 mgm. per kg. daily, without pro-
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any deleterious effect. The physical strain of parturition and the risk of severe haemor-
thage at this time have sometimes led to early death after delivery, but other patients
with acute leukaemia have survived this experience surprisingly weil, only to die of their
disease within a few weeks or months. In chronic leukaemias again many patients with-
stand pregnancy and parturition well, and although relapse or myeloblastic transformation
has sometimes been noted to follow shortly after delivery, the majority of the collected
case reports do not suggest that pregnancy can often be held to have precipitated the
terminal development.

The effects of maternal leukaemia on the foetus are not easy to assess from the figures
available. Certainly the disease never appears to have been transmitted from mother to
child, Examination of the blood of at least 60 viable infants born of leukaemic mothers,
and of sections from the tissues of many children born dead, has shown no instance of
leukaemic proliferation. One detailed haematological study of the blood and bone marrow
of a mother with subacute lymphocytic leukaemia and of her viable infant revealed no
persistent maternal influence on the leucocytes of the child (Bierman ef al., 1956). Ade-
quate follow-up studies of the children of mothers with leukaemia during pregnancy have
not been reported, so that it is not possible to state dogmatically that such children have
no increased liability to develop the disease in later life, but, if this were the case, it seems
probable that the association of circumstances would have been observed and reported.
Although the leukaemic process does not itself directly affect the foetus, the debility,
anaemia and tendency to infections in the mother exert a proportional effect on the foctal
health, and the more seriously ill the mother the more likely is foetal death. In acute
leukaemia previous records suggest that more than 50 per cent of infants are stillborn or
die in the neonatal period, whereas in chronic leukaemia about 75 per cent survive. Since
the chances of her bearing a healthy infant are high when the mother remains in good
remission during gestation and parturition, the foetal mortality figures derived from case
records of many years past may be over-pessimistic; with more effective modern methods
of control and total care a lower rate of foetal death may reasonably be expected.

The treatment of Jeukaemia during pregnancy must be designed to produce the fullest
possible remission in the mother without harming the foetus. In chronic leukacmia X-rays
have sometimes been used cautiously, care being taken to avoeid any irradiation of the
foetus, and successful delivery of a healthy child has been achieved, but the possibilit_y
of indirect radiation effects leading to foetal abnommalities cannot be ignored, and it is
perhaps wiser to avoid radiation altogether as a form of therapy during pregnancy.
‘Arsenic, in the form of Fowler’s solution, may be used without deleterious effect on th.e
foetus and has been recommended for this situation by several authorities (Angelucci,
1944; Erf, 1947; Whitby, 1056). Supportive trapsiusions can of course be given as
required. Urethane has also been employed, but this drug and the more recent alkylating

agents have not been used in enough cases to justify a conclusx'un as to thexs‘ merits. quc
most antimitotic agents exert a strong action on mpidly.dividmg embryonic tissues, their
use should be avoided whenever p ible, and if a deci: is taken to use such thgs as
busulphan or chlorambucil in chronic leukaemia the dose s))auk} be kept to the minimum
atible with moderate remission. The same argument applies to the use of antimeta-
leukaemia. Treatment has been given successfully with 6:mcm?ptupunnc,
pregnancy in a dosage of 2z-5 mgm. per kg. daily, without pro-
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ducing congenital deformities or haematological abnormalities in the infant (Merskey and
Rigal, 1956; Schumacher, 1957), but the risks to the embryo must be considerable even
at this dosage, and larger doses would probably have led to abortion or gross deformity.
Remissions may be achieved more safely by the use of prednisone or cortisone, and these
hormones may enable the pregnancy to be brought satisfactorily to term (Morgan and
Reyes, 1956). In general, delivery should be conducted in a normal manner, but if the
mother develops a severe and intractable relapse after the seventh month, and the foetus
is viable, immediate Caesarean section may save the child (Moloney, Hefleman and
Kasdon, 1943; Etf, 1947). Post-mortem surgical delivery has been attempted, but has
usually been unsuccessful since the death of the foetus appeared to take place before that
of the mother (Grier and Richter, 1939; Almklov and Hatoff, 1946).

The management of pregnancy and leukaemia will clearly vary according to the type
and stage of the leukaemia and the time in [ at which it is di d. Specific
anti-lenkaemic therapy should be administered conservatively with due regard for possible
injurious effects on the foetus, but every attempt should be made, by the generous use
of supportive and symptomatic treatment directed against anaemia, infection or haemor-
rhage, to offset disadvantages arising from the inability to use chemotherapy and radio-
therapy to their fullest extent. Neither on meral nor on medical grounds is there any case
for the deliberate termination of pregnancy in the interests of the mother’s health.
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any deleterious cffect. The physical strain of parturition and the risk of severe haemor-
thage at this time have sometimes led to early death after delivery, but other patients
with acute leukaemia have survived this experience surprisingly weil, only to die of their
disease within a few weeks or months. In chronic leukaemias again many patients with-
stand pregnancy and parturition well, and although relapse or myeloblastic transformation
has sometimes been noted to follow shortly after delivery, the majority of the collected
case reports do not suggest that pregnancy can often be held to have precipitated the
terminal development.

The effects of maternal feukaemia on the foctus are not easy to assess from the figures
available. Certainly the disease never appears to have been transmitted from mother to
child. Examination of the blood of at least 66 viable infants born of leukaemic mothers,
and of sections from the tissues of many children born dead, has shown no instance of
leukaemic proliferation. One detailed haematological study of the blood and bone marrow
of a mother with subacute lymphocytic leukaemia and of her viable infant revealed no
persistent maternal influence on the Jeucocytes of the child (Bierman ef al,, 1956}, Ade-
quate follow-up studies of the children of mothers with leukaemia during pregnancy have
not been reported, so that it is not possible to state dogmaticaily that such children have
no increased liability to develop the disease in later life, but, if this were the case, it seems
probable that the association of circumstances would have been observed and reported.
Although the leukaemic process does not itself directly affect the foetus, the debility,
anaemia and tendency to infections in the mother exert a proportional effect on the foetal
health, and the more seriously ill the mother the more likely is foetal death. In acute
lenkaemia previous records suggest that more than 50 per cent of infants are stillborn or
die in the neonatal period, whereas in chronic leukaemia about 75 per cent survive. Since
the chances of her bearing a healthy infant are high when the mother remains in good
remission during gestation and parturition, the foetal mortality figures derived from case
records of many years past may be over-pessimistic; with more effective modern methods
of control and total care a lower rate of foetal death may reasonably be expected.

The treatment of leukaemia during pregnancy must be designed to produce the fullest
possible remission in the mother without harming the foctus. In chronic leukaemia X-rays
have sometimes been used cautiously, care being taken to avoid any irradiation of the
foetus, and successful delivery of a healthy child has been achieved, but the possibility
of indirect radiation effects Jeading to foetal abnormalities cannot be ignored, and it is
perhaps wiser to avoid radiation altogether as a form of therapy during pregnancy.
Arsenic, in the form of Fowler’s solution, may be used without deleterious effect on the
foetus and has been recommendeq for this situation by several authorities (Angelucci,
1944; Erf, 1947; Whitby, 1956). Supportive transfusions can of course be given as
required. Urethane has also been employed, but this drug and the more recent alkylating
agents have not been used in enough cases to justify 2 conclusion as to th'ex'r m‘cnts. Smc:c
most antimitotic agents exert a strong action on mpidly divi.ding embryonic tissues, their
use should be avoided whenever possible, and if a decision is taken to usc such drugs as
busulphan or chlorambucil in chronic leukaemia the dose should be kept to the minimum
compatible with moderate yemission. The same argument applies to the use of atnhmc'ta-
bolites in acute leukaemia. ’l‘re;';tment has been given successfuily ?“u:iéjlmm?tfl)x o;:unnc,
continued during pregnancy it 2 dosage of 2+5 mgm. per kg. daily, without pro-
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ducing congeaital deformities or haematological abnormalities in the infant (Merskey and
Rigal, 19567 Schumachey, 1957), but the risks to the embryo must be considerable even
at this dosage, and larger dases would probably have led to abortion or gross deformity.
Remissions may be achieved more safely by the usc of prednisone ar cortisone, and these
hormones may enable the pregnancy to be brought satisfactorily to term (Morgan and
Reyes, 1956). In general, delivery should be conducted in a normal manner, but if the
mother develops a severe and intractable relapse after the seventh month, and the foetus
is viable, immediate Cacsarean section may save the child (Moloney, Heffernan and
Kasdon, 1943; Etf, 1047). Post-mortem surgical delivery has been attempted, but has
usually been unsuccessful since the death of the foctus appeared to take place before that
of the mother {Grier and Richter, 1935; Almklov and Hatoff, 1946).

The g of preg and leuk iz will clearly vary according to the type
and stage of the lenkaemia and the time in pregnancy at which it is di d. Specific
anti-Jenkaemic therapy should be administered conservatively with due regard for pessible
injurious effects on the foetus, but every atternpt should be made, by the generous use
of supportive and symptomatic treatment directed against anaemia, infection or haemor-
thage, to offset disadvantages arising from the inability 1o use chemotherapy and radio-
therapy to their fullest extent. Neither on moral nor on medical grounds is there any case
for the deliberate ination of in the i of the mother’s health.
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CHAPTER 12
ACUTE LEUKAEMIA: CLINICAL ASPECTS

/1‘ 1IE three major varieties of acute leul i loblastic, lymphoblastic and acute
monocytic, have many striking similarities in their chmcal mamfest;mcns and are often
difficult to distinguish one from another. The general clinical discussion of the modes of
onset, symptomatology and correlated patho]ogy. differential diagnosis from non-leuk-
aemic disorders, treatment, course and prognosis of these closely related leukaemias will
therefore deal with them as a group, while the oceasional points of clinical distinction and
the more striking morphological differences between members of the group will be
emphasized as they arise in the discussion. A series of case reports, illustrating the variety
of clinical and haematological features in acute leukaemia, is included at the end of this
chapter,

‘/Mode of onset

Acute leukaemias in children and young adults usually have an abrupt onset, with
rapid development of multiple symptoms and signs. Pyrexia, lethargy, prostration, head-
ache, and pains in the back and limbs are commonly found as initial symptoms, and lend
a resemblance to the onset of a severe infection. Accompanying these general symptoms,
however, are rapidly i g pallar and breathl on exertion due to progressive
anaemia, and haemorrhages irom almost any site, particularly in the form of cutaneous
purpura, epistaxes and bleeding from the mucous membranes of the mouth or from the
uterus. Another very common and conspicuous feature is the presence of spongy swollen
gums, sore throat and necrotic ulceration of the buccal mucosa, and this unpleasant mouth
condition is sometimes the symptom which first leads the patient to seek medical advice.
Enlargement of lymph glands, liver or spleen may be observed, but js rarely gross and not
infrequently absent. Bacterial, viral or fungus infections of the pharynx. respiratory
tract or elsewhere are often present from an early stage. Variations in the pattern of
initial symptoms depend to some extent on the location and size of leukaemic infiltrates
or glandular masses, but even more on the d of bleeding, infection
and anaemia. Respxmmry obstruction, congh and dyspnoe:\ consequent upon enlarge-
ment of the mediastinal gla.nds or thymus may occasionally provide the first symptoms,

while in rare cases ion dary to haemorrhage or infiltration
in the central nervous system may predominate. Bone and joint involvement may produce
a clinical plcturc like that of acute theumatic fever. Infection, infiltration or haemorrhage
may give rise to e P in the genito-utinary system, the gastro-intestinal
tract, the eyes, ears, nose or larynx or, mdeed in an almost endless vanety of possible
sites. It is not, therefore, surprising that a consldemble number of patients with acute
leukaemia are ﬁrst referred to dentists, ophthal otorhi; logi: ortho! 3
Ppaedic or genito-urinary surgeons before the nature of their disease is Tecognized.
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In thc'majt_m't):' of eldesly patients, and in some young ones, the classical picture of acute
leukaemia with its abrupt onset, fever, gingivitis and stomatitis, purpura, and severe
anaemia, is not found. As Gunz and Hough (1956) have emphasized, the onset of the
disease in middle-aged and elderly patients is usually insidious, and slowly Pprogressive
symptoms of lassitude, anorexia and exertional dyspnoca have often been present for
several months before medical advice is sought. In this group of patients the clinical
history and physical signs may provide little suggestion of leukaemia, and tentative
diagnoses of pernicious or aplastic anaemia, carcinomatosis, chronic bronchitis, cardiac
failure and so forth have often been made before adequate investigation has revealed the
true nature of the discase.

The fact that acute leukaemia may develop insidiously does not seem to be widely
recognized, but it is undoubtedly a frequent mode of onset in the elderly and is by no
means uncommon in younger patients. In this connection reference may be made to the
existence of “preleukaemic” states before the onset of true acute lenkaemia. Block,
Jacobson and Bethard (1g53) were able to make clinical and haematological observations
on 1z patients (11 of them over the age of 40} who suffered from app ly Jeukaemi
blood disorders for periods of 3 to 17 months before the development of frankly leukaemic
changes. These patients showed peripheral cytopenias involving all cell series and had
maturation arrest or hypoplasia of granulopoietic, erythropoietic and thrombopoietic
tissues in the bone marrow. After variable periods, progression to typical primitive celt
leukaemia took place. The clinical signs during such pre-leukaemic phases are those to be
expected from the existence of pancytopenia, and include haemorrhages, anaemia and a
tendency to infection. The spleen is sometimes palpable at this time and a diagnosis of
primary hypersplenism or acquired haemolytic anaemia may be made. Occasionally
splenectomy has been carried out during this period, with the subsequent unexpected
development of acute leukaemia (Welch et al., 1957). The appearance of maturation arrest
with an active marrow during the preleukaemic phase is perhaps less common than the
occurrence of an apparently typical aplastic pancytopenia which undergoes a transition
to a fully leukaemic picture, sometimes passing through a temporary state of relatively
normal marrow cellularity. Cases of this kind have been studied and reported on many
occasions and are certainly not uncommon (Marchal ¢ al., 1944; Mallarmé, 1949; Meacham
and Weisberger, 1954; Williams, 1955; Hayhoe, 1957). The relationship of aplasia _to
leuk ia is further di d in Chapter 16, but it should be emphasized that, while
aplastic phases may precede the onset of frank leukaemia or develop during the course
of the disease, the great majority of patients with acute leukaemia have fully characteristic
leukaemic changes in the bone marrow when they first seek medical attention. s

Special symptomatology and correlated pathology

Enough has already been said to make it clear that the usual pattern of ‘symptoms imd
signs at the time of onset of acute leukaemia is composed of a background of
anaemia, haemorrhage, stomatitis and fever, with a wide \_rane.ty of pgssxble additional
features depending on organ or system involvement by Ioca.hzed mﬁlt.muon, haemorrhage
or infection. The changes to be found in the organs and tissues during the course of the
disease will now be considered in more detail, . .

Lymph glands. Enlargement of lymph glands is not so P

in acute Ieuk
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as in the chronic lymphocyhc form and i is sometxmes not detectable clinically. In many

cases, however, either localized or X may be found. The glands are
usually softer than those of Hodgkin's disease or chronic lcukacmm and remain as discrete
nodes, commonly from 1 to 3 cm. in di G lymphadenopathy is very
often present in the lymphoblastic variety of acute leuk ia, but occurs suffi ly

frequently in myeloblastic and monocytic forms of the disease to reduce its value as a
point of differential diagnosis between the three. Nevertheless, there is no doubt, as
Forkner (1938) emphasized, that marked general cnlargement of lymph glands or the
formation of substantial gland masses m the thorax, abdomen eor elsewhere in acute
leukaemia is very much more in lymphoblastic leuk ia than in other forms.
When severe infection, necrosis and u]ceranon in the mouth and pharynx exist, the
cervical glands may be secondarily involved, and this is a finding often encountered in
monocytic lenkaemia and occasionally in other varieties of acute leukaemia, but general
enlargement of lymph nodes is usually slight or absent in myeloblastic or monocytic
lenkaemia and in these conditions large gland masses very rarely form. Massive enlarge-
ment of lymph nodes, sufﬁclcnt to cause severe obstructive symptoms, is not often en-
d in acute leuk but ples of respiratory obstruction from mediastinal
glands in acute lymphoblastic leukaemia have been reported by Levison (1955) and
Towers and Fountain (1955) and an illustrative case report will be found at the end of
this chapter. Cases of this kind provide a link between lymphoblastic lymphosarcoma,
with local tumour formation but without leukaemic changes in the blood and marrow, and

the more usual form of acute phoblastic leuk Gross Iymph-nod:
most often mediastinal, may indeed precede the appearance of leukaemic changes in the
blood i in acute lymphoblastic as in chronic lymphocytic leukaemia, and it was to cases
ly of this ch that berg (1915) first applied the name leukosarcoma

(sec also Chapter 16).

‘When observed at autopsy, enlarged lymph nodes of acute leukaemia appear macro-
ically as soft, h pinkish or greyish-white structures, ining discrete
from the surrounding tissues and usually from one another. Histologically the essential
architecture of the lymph node can scarcely be discerned, having been replaced by a
diffuse sheet of uniform cells of whichever primitive cell series is concemed, most often
lymphoblasts, intermingled with more mature lymphocytes (Plate XXIII, Fig. 8).
Occasional areas of haemorrhage may be seen, but there is Iittle tendency to necrosis or
to mvasxon of the capsule as in lymphoblastic lymphosarcoma. Nevertheless, it is often
to distinguish these two conditions from a study of lymph-node sections alone.
The spleen. Palpable splenomegaly is found in some 70 per cent of cases of acute
leukaemia. It is greatest and most common in the ]ymphoblashc form, where the organ
usually extends some 3 to 5 cm. below the costal margin and may, uncommonly, be
grossly enlarged reachmg helow the umbilicus and resembling the spleen of chronic
tic of the spleen may develop very rapidly during
the course of the d:sease, and there is some danger of spontaneous rupture. In most
cases of Iymphoblashc leukaemia, however, as in the other varieties of acute leukaemia,
splenomegaly is slight or moderate. Pathologically the spleen shows diffuse infiltration
with leukaemic cells and carnot easily be differentiated from the spleen of anaplastic or
lymphoblastic lymphosarcoma. although there is perhaps less tendency to the formation
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of circumscribed nodules, to the development of necrotic changes and to capsular invasion.
In acute myeloid or monocytic leukaemias the primitive cells may show sufficient differen-
tiation to allow certain recognition.

The liver. Slight or moderate enlargement of the liver is usually found in acute leuk-
aemia at some stage of the disease, but gross hepatomegaly or severe disturbance of
hepatic function is rare. Obstruction of biliary passages by enlarged lymph glands at the
porta hepatis may lead to jaundice. At autopsy the liver is usually pale and soft and some-
times shows a fine macroscopically visible network of white or pale yellow infiltrates.
Histologically, primitive cells are widely distributed throughout the sinusoids, but are
usually more heavily concentrated in the portal tracts. The parenchymal liver cells are
sometimes scattered by infiltrate but there is little sign of cell necrosis or destructive
invasion and circumscribed nodules of leukaemic tissue are rarely present (Plate XXIII,
Fig. 7).

The skin. The vast majority of skin manifestations of acute leukaemia are purpuric
and nearly all patients show some haemorrhagic skin lesions during the course of their
disease. The lesions range from scattered pin-point petechiae to large ecchymoses, and
haemorrhagic bullae with necrosis, ulceration and secondary infection may sometimes
occur. Inlymphoblastic and myeloblastic leukaemia specific skin involvement by localized
cellular infiltrates is quite uncommon, but in monocytic leukaemia a wide variety of
specific skin rashes or tumours has been described, including diffuse maculo-papular
eruptions, separated nodular lesions or plaques, and even generalized pustular rashes and
exfoliative dermatitis (Hubler and Netherton, 1947). Histologically, these lesions show
dense accumulations of monocytic cells in the dermis, and areas of haemorrhage are not
uncommon, probably accounting for the bluish colour seen clinically in many of the lesions.
Degos, Ossipowski and Morell (1956) emphasized the variability of cutaneons manifesta-
tions of leukaemia, and a survey of the many isolated case reports of skin lesions in the
acute leukaemias confirms their view that it is impossible to make a firm diagnosis as to
the type of leukaemia present, or even to be certain that the skin involvement is specifically
leukaemic, from the clinical appearance of the skin alone (Plate XXII, Figs. 2 and 3),

Mucous membranes. Both non-specific and specific lesions are frequently found in
the mucous membranes of the nose, mouth, and upper respiratory tract in all forms of
acute leukaemia. Bleeding from the gum margins or from the nose, either spontaneously
or after the minor trauma 1nvolved in brushing the teeth or blowing the nose, is a very
common early manifestation of the disease and is often the first symptom. Petechiae
appear on the oral mucosa and less commonly severe submucosal haemorrhage may occur,
giving rise to extensive ecchymoses and haematoma formation and occasionally to ulcera-
tion, particularly if the patient has undergone dental extractions before the true nature
of the disease is discovered. .

Apart from these bleeding phenomena, the commonest oral complication of acute
Jeukaemia is swelling and ulceration of the gums, often accompanied by an extension 'of
the ulceration to the soft palate, the pharynx and other parts of the buccal mucosa. While
Jesions of this sort are to be found in many patients with acute leukaemias of the myelo-
blastic or lymphoblastic varieties, they are more common and severe in acute monocytic
leukaemia, where diffuse hypertrophy of the gingivae may be so'n'mrked' that the teeth
become almost submerged in the 5 # ~svongy gums (Plate XXII, Fig. 1). Forkner
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(1934) drew attention to the importance of this sign in the clinical differentiation of the
forms of acute leukaemia, but although scvere mouth lesions are certainly very common
in acute monocytic leukaemia, comparable swelling and ulceration may occasionally be
found in other varieties of acute leukaemia, so that the finding is suggestive rather than
diagnostic. Histological examination of the hypertrophied gums shows cedema and peri-
vascular infiltration with leukaemic cells, and when ulceration has occurred there are
usnally areas of haemorrhage, necrosis, and bacterial invasion with an inflammatory
reaction containing many leukaemic cells,

Since the oral mucous membranes in acute lenkaemia appear to have a lowered resist- \/
ance to bacterial invasion as well as being subject to infiltration with leukaemic cells,
nlcerative lesions may be of mixed origin and, even if specifically leukaemic initially, are
readily invaded by spirochaetes, cocci and other mouth organisms. It is not therefore
surprising that diagnoses of Vincent’s angina, agranulocytic angina or even diphtheria
have sometimes been made before further investigation has revealed the leukaemic
process. It is a wise precaution to examine the periphéral blood of every patient with
buccal ulceration, especially when there are signs of haemorrhage, before a local cause is
accepted as primarily responsible.

A similar kind of infiltration and ulceration may invelve the mucous membranes of
the upper respiratory tract, particularly the larynx, and lesions will often be found on the
epiglottis or vocal cords if sought. They occasionally provide the first symptoms of
disease by causing hoarseness and an irritable dry cough and when monilial infection in
the mouth and pharynx arises either sg ly or during iotic therapy, their
presence probably predisposes to spread of the fungus into the respiratory tract.

Bones and joints. The existence of bone lesions 1n leukaemia, recognized since the
early observations of Neumann (1878), has been shown by the widespread use of radio-
graphy in more recent years to be an extremely common feature in the acute form of the
disease in children. Adults with acute leukaemia do not show bone involvement so often
and it seems likely that the growing skeleton is particularly liable to be affected by
destructive and irritant erosion and infiltration, Bone lesions have been found to be most
frequent in lymphoblastic leuk ia with subleuk ic or aleuk ic peripheral blood.
Baty and Vogt (xg35) reported radiological bone changes, chiefly areas of diminished
density proximal to the metaphyses of long bones, in 30 of 43 leukaemic children. Most
of the affected children had alenkaemic Jeukaemias and in this series myeloblastic and
lymphoblastic leukaemias were equally represented. In a later survey of 146 leukaemic
children reported to have had bone lesions, Kalayjian, Herbut and Erf (1946) found that
most were aleukaemic and that 140 were ] hoblastic and only 5 loblastic in type.
Rad:ologlcal bone changes were found by Dale (1949) in 29 of 40 leukaemlc children, and
here again the majority of the affected children had lymphoblastic leukaemia. These
findings cannot be interpreted to mean that lymphoblasts infiltrate and damage the bony
cortex or periosteurn more avxdly than other pnmmve cells they probably merely reflect
the relatively high incid pared with other forms of
acute lenkaemia during the years of bone growth in chlldhood The slgmﬁcance of the
observation that bone changes are most in ia is also uncer-
tain. It may be that aleukaemic patients, having less Obvn)us and easily diagnosed
leukaemia, are subjected to more thorough investigation revealing clinically undetected
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of circumscribed nodules, to the development of necrotic changes and to capsular invasion,
In acute myeloid or monocytic leukaemias the primitive cells may show sufficient differen-
tiation to allow certain recognition.

The liver. Slight or moderate enlargement of the liver is usually found in acute leuk-
aemia at some stage of the disease, but gross hepatomegaly or severe disturbance of
hepatic function is rare. Obstruction of biliary passages by enlarged lymph glands at the
porta hepatis may lead to jaundice. At autopsy the liver is usually pale and soft and some-
times shows a fine macroscopically visible network of white or pale yellow infiltrates.
Histologically, primitive cells are widely distributed throughout the sinusoids, but are
usually more heavily concentrated in the portal tracts. The parenchymal liver cells are
sometimes scattered by infiltrate but there is little sign of cell necrosis or destructive
invasion and circumscribed nodules of leukaemic tissue are rarely present (Plate XXIII,
Fig. 7). :

The skin. The vast majority of skin manifestations of acute leukaemia are purpuric
and nearly all patients show some haemorrhagic skin lesions during the course of their
disease. The lesions range from scattered pin-point petechiae to large ecchymoses, and
haemorrhagic bullae with necrosis, ulceration and secondary infection may sometimes
occur. Inlymphoblastic and myeloblastic leukaemia specific skin involvement by localized
cellular infiltrates is quite uncommon, but in monocytic leukaemia a wide variety of
specific skin rashes or tumours has been described, including diffuse maculo-papular
eruptions, separated nodular lesions or plaques, and even generalized pustular rashes and
exfoliative dermatitis (Hubler and Netherton, 1947). Histologically, these lesions show
dense accumulations of monocytic cells in the dermis, and areas of haemorrhage are not
uncommon, probably accounting for the bluish colour seen clinically in many of the lesions.
Degos, Ossipowski and Morell (1956) emphasized the variability of cutaneous manifesta-
tions of leukaemia, and a survey of the many isolated case reports of skin lesions in the
acute Jenkaemias confirms their view that it is impossible to make a firm diagnosis as to
the type of leukaemia present, or even to be certain that the skin involvement is specifically
leukaemic, from the clinical appearance of the skin alone (Plate XXII, Figs. 2 and 3).

Mucous membranes. Both non-specific and specific lesions are frequently found in
the mucous membranes of the nose, mouth, and upper respiratory tract in all forms of
acute leukaemia. Bleeding from the gum margins or from the nose, either spontaneously

or after the minor trauma involved in brushing the teeth or blowing the nose, is a very
common early manifestation of the disease and is often the first symptom. Petechiae
appear on the oral mucosa and less commonly severe submucosal haemorfhage may occur,
giving rise to extensive ecchymoses and haematoma formation_ and occasionally to ulcera-
tion, particularly if the patient has undergone dental extractions before the true nature

of the disease is discovered. o

Apart from these bleeding ph the oral complication of ‘acute
Jeukaemia is swelling and ulceration of the gums, often accompanied by an extension .of
the ulceration to the soft palate, the pharynx and other parts of the bucca.l mucosa, While
lesions of this sort are to be found in many patients with acute Ieukae.mlas of the myelt?-
blastic or lymphoblastic varieties, they are more common and severe in acute monocytic
leukaemia, where diffuse hypertrophy of the gingivae may be so markeq that the teeth
‘become almost submerged in the swollen, spongy gums (Plate XXII, Fig. 1), Forkner
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as

body and so lead to confusion in
change in leakaemia.

The bone changes in acute lewkaemia result from the intense proliferation of primitive
cells and the 5t tends for sites of I iesis to expand. In the adult there
is relatively much more available space for this expansion, since b poiesis in the bone
marrow is normally confined to the axial skeloton and large areas of yellow, fatty, macrow
can be infiltrated and resume leucopoictic activity. This is, of course, not so in children,
where most of the skeletal marrow is normally filled with haemopoictic tissue, and

pansion of marrow leucapoiesis can only occur at the expense of cortical erasion and
thinning. Probably the more common occurrence of bone leslons in acute Jeukaemia in
children as compared with adults is partly explained by this fact, and partly by the
increased susceptibility of growing bones to pathologicat influences, Griffiths (1955) has
argued that subperiosteal ossification, as welt as bone erosion, can be attributed to the
need for increased marrow space, since the pattern of new bone formation suggests an
attempt to form a new cortical Iayer with an expanded marrow cavity.

Involvement of joints in acute leukaemia is common enough clinically, although there
have been few reports of pathological changes in clinically affected joints. Dresner (xg50}
deseribed leskaemic infiltration of the synovial and the p of feuk i
cells in synovial fluid from an inflamed knee, and presumably sumilar changes are respon-
sible for the pain and swelling oftess found in the joints in acute leukaermia. The possibulity
that children with the clinical picture of acute or subacute rheumatism or Still’s disease,
having puin and swelling of the larger joints, accompanied by aunzemia and a haemic
systolic murmur, and perhaps slight enlargement of the spleen and lymph glands, may
reality be suffering from acute lenkaemia, must always be considered, and here again
examination of the blood is essential. Since acute leukaemia is often aleukaemic, with
few ar no primitive cells in the peripheral bloed, even an adequate blood exammation
may not reveal the diagnosis, and it is in such cases that the presence of mdiclogical

changes in the bones shauld direct attention to the strong likelihood that the apparent

h ism is really lewkaemic. A ber oW i will then confirm the
dl.agnosisA The very real difficulty in the differential diagnosis between acute leukaemia
\vxt¥\ joint involvement and rheumatic fever or $till’s disease is well ilustrated by a
variety of reports (Beldridge and Awe, 1930; Poynton and Lightwood, 1932; Sutton and
Bosworth, 1934; Bichel, 1948; Dresner, 1950), and in many of these cases the leu-
kaemic process was not diagnosed until prolonged treatment with salieylates had failed to
produce improvement and lewkaemic changes had become mamfest in the peripheralblood.

Central nervous system. That gross or microscopic infiltration of the central nervous
System by primitive cells occurs in most cases of leukaemia has long been established, but
clinical signs of ical inval are smuch less Trémner and Wohlwill
{r927) found pathological lesions in the nerveus system and meninges in 11 of 12 cases of
k‘aul:'aen}}a, although in g of these there were 1o clinical signs. Diamond (1934) found
similar invasive lesions in the brain of each of 34 patients with various forms of lenkaemia,
but only 5 of these patients had devel ped fcal i ions. Several com-
parable studies o larger numbers of patients have been reported, but in many of these
th_e forins of lewkaemia concerned have not been specified, and it is not easy to deter~
mm: the relative incidence of clinical and pathological abnormalities in the different

since d 4 density would be the expected
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bone lesions, but the possibility remains that a leukaemic process in which the delivery
of primitive cells to the peripheral blood is held in check may be associated with a more
locally damaging proliferation in sites of leucopoiesis.

The clinical and radiological features of bone lesions in acute leukaemia have been
described in detail by Baty and Vogt (1935), Kalayjian, Herbut and Erf {1946), Silverman
(1948), Dale (1949), Dresner (1950) and Griffiths (1955). The chief symptoms attributable
to bone involvement in acute leukaemia are aching pains, sometimes very severe. They
occur principally in the back or in the long bones, and since they may be the first symp-
toms of leukaemia the investigation of unexplained bone pains should invariably include
a blood examination. When pains in the back or limbs occur in leukaemia, changes in the
bones are almost always demonstrable. Silverman (1948) found lesions in all of 25 leuk-
aemic patients who suffered from bone pains, whereas no lesions could be demonstrated
in 34 patients without pains. Spinal deformity and neurological changes may follow
vertebral collapse, and pathological fractures of long bones may occur, but the gross
destruction necessary to produce such lesions is rarely found before the general leukaemic
process js far advanced, and fractures and deformities are not common as initial symptoms,

Radiologically, the bone changes may be grouped as follows:

(a) Disorders at the growing ends of long bones. Zones of increased translucency at the
metaphyses are very often found in leukaemic children, but these bands of decreased
density are similar to those occurring in the same positions in many nutritional and
debilitating diseases of childhood, such as the “* Trummerfeld zones” of scurvy and the
translucent metaphyseal bands seen in chronic gastro-intestinal disorders. They are in
no way pathognomic of leukaemia, but merely indicate the existence of a disorder of bone
growth. They may, however, progress into distinct areas of bone erosion.

(b) Destructive erosion and infiltration. Destructive lesions may arise from a general
expansion of the marrow cavity with progressive diffuse erosion of the trabeculae and
thinning of the cortex, or a similar process may be confined to small local areas. The long
bones are most often involved, but vertebrae, skull, pelvis and ribs may show demonstrable
focal erosions (Plate XXIII, Figs. 3 and 4). Localized destructive lesions may merge with
the areas of increased translucency at the shaft side of the epiphyseal line, but although
focal erosions are commonly found in the metaphyses they may develop in almost any
part of the skeleton. Either diffuse infiltration or the coalescence of small focal lesions
may so weaken the cortex that pathological fractures occur. These are most common in
the vertebrae, where wedge-shaped collapse ensues (Plate XXIII, Fig. 2). A concertina-
like vertebral collapse may be seen when infiltration has weakened the bone structure
without producing cortical fracture, and since the intervertebral discs are spared by the
leukaemic process, the upper and lower surfaces of the softened vertebrae may become
concave as a result of pressure from the discs. o .

{c) Sub-periosteal new bone  formation. Cortical erosion due to leukaemic infiltration may
stimulate ossification beneath the periosteum, a change most commonly seen ncar‘the
metaphyses of long bones. The x}ew.bone may be formed parallel to the shaft or at right
angles toiit, and reactive ossification is sometimes so marked a geature that the appearance
comes to resemble that of oesteogenic sarcoma or 0§teomyelxtxs. . i font

@ Osteosclerosis. Localized increase in bong density to X-rays is .rarelyéee? in p?thi:;a i

with acute leuk ia, but such an otic change may sometimes affect a verte
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and d over a kazy b d in which the dilated and tortuous
veins show pale pcnvascnlar sheathing due to infiltration with primitive cells (Plate XX1I,
Figs. 5 to 8). Rarely the whole fundus appears to have 2 palc orange or greenish tinge.
While thrombocytopenia is obviously an important factor in producing retinal lesions, a
high peripheral leucocyte count, with many primitive cells, and a low haemoglobin level
are usually present when retinal changes are severe. Even when quite gross. changes have
accurred, a surprisingly complete return to normal may take place if a remission is induced,
and the variability of fundal changcs isa prominent feature in acute leukaemia, Full
ts of the ophthatmology of k have been written by Borgeson and Wagener
(1929) and Goldbach (1933), and lhe sub)ect was reviewed extensively by Forkner (1938)
d with retinal or vitreous changes in levkaemia is
faxhng vxsmn, but nlthough the sudden onset of blindness, resulting from Yarge retinal
has provided the initial symptom of acnte leukaemia, and the
development of scotomata or nartowing of the visual fields may be a prominent feature,
it should be emphasized that considerable retinal changes are often present int the absence
of any significant ocular symptoms.

Apart from changes in the fundus, common tesiond of the eyes in acute lenkaemia
include inf ion of the conjunctiva or sclera and subconjunctival haemorrhages
(Plate XX11, Fig. 4}, while leukaGmic infiltration of the lachrimal glands ot deposits within
the otbit may sometimes be conspicuous and exophthalmos may be produced. Orbital
turmours are ameng the commonest features of chloroma (see p. 287) but are not often seen
in typical acute leukaemia.

‘The ears. Aural P are not in acate leuk ia but may jonall
be conspicuous. Haemorrhage into the semicireular canals, leadimg to Meniere's syndrome
of tinnitus, vertigo and nausea, foliowed by deafness, sometimes accurs, and leukaemic
deposits may infiltrate the labyrinth, the middfe ear or the auditory nerve, producing

various degrees of deaf; The i d lability to § shown by patients with
leakaemia may lead to the development of acute otitis medsa.
The alimentary tract. Gastro-i inal haemorrhage frequently occurs in acute

leukaemia, ususlly as 2 result of thrombocytopena rather than of specific infiltrated
erosions, which ave rate. Massive bleeding from the stomach or duedenum may occur,
and present a difheult diagnostic problem, since patients with acute lenkaemia may suffer
also from gastric or dusdenal nlcers, not necessnn)y related lo the lenkaemic state or 1o
stermd therapy (Palmer, 1955). Severe ly when ied b
generahzed haemunhngm phenamena, should therefore not bc dismissed as due to lenk-
aemic bleeding or erosions without careful investigation. Specific infiltrations of the
stomach, ileum, appendix, caecut or vectum, with locatized nodule formation and even
uleeration and perforation, usually d with dor haemorrhages,
have octasionally been observed, and may give rise to acute abdominal symptoms {Boikan,
1931; Campbell, Henderson and Croom, 1936; Forkner, 1938). Although leukaemic
lesions in the gastm—mtes{ml tract severe enough to cause symptoms are rare, infiltration
with leukaemic cells is not on at the anal muco-cutaneous junction and painful
ulceration at this site may occur,
The genfto-urinary system, Haemorrhagic and infective complications of acute
quently involve the genito-urinary system, with attendant haematuria,
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haematological varieties of leukaemia. Treating all leukaemias as a single group, Williams,
Diamond and Craver (1958) reported a total of 276 cases with clinjcally detected neuro-
logical complications among 1,864 leukaemic patients. Intracranial haemorrhage was
responsible for the neurological disturbance in 140 cases and 72 per cent of these patients
had acute leukaemia, The prominence of intracerebral bleeding among acute leukaemic
patients is certainly attributable chiefly to thrombocytopenia, and symptoms arising
from intracranial haemorrhage are found at some stage of the disease, often terminally,
in about 50 per cent of patients with the acute form of leukaemia, whatever its cytological
variety. Thus, among 42 patients with acute leut ia followed througt the whole
course of their disease, Wells and Silver (1957) found 22 with neurclogical manifestations,
the majority being caused by cerebral haemorrhage.

Haemorrhages into the spinal cord or diffuse infiltrations with occasional nodular
deposits of leukaemic cells in almost any part of the central nervous system, from the
brain and spinal cord to the cranial and peripheral nerves, may give rise to a great variety
of neurological symptoms and signs, and examples of hemiplegias, ocular, auditory,
oculomotor and facial nerve palsies, pyramidal tract lesions, sensory and motor affections
of peripheral nerves, and symptoms suggesting acute meningitis, encephalitis and trans-
verse myelitis have all been reported (Schwab and Weiss, 1935; Forkner, 1938; Brandt,
1945; Leidler and Russell, 1945; Gilbert and Rice, 1957; Wells and Silver, 1957). The
general pattern of neurological involvement does not appear to have changed substantially
in recent years, although Sullivan (1957) reported an apparent increase in the incidence
of raised intracranial pressure in children treated with steroids and antimitotic agents
since 1956. She suggested that prolonged survival of treated children, who probably had
a lower concentration of the chemotherapeutic agent in the cerebro-spinal fluid and
central nervous system than elsewhere in the body, might allow cerebral involvement to
become extensive, and noted that irradiating the entire skull usually relieved the pheno-
mena of headache, vomiting, papilloedema, separation of skull sutures and raised spinal
fluid pressure, which must presumably have been due to Jeukaemic infiltration of the
brain and meninges. With the possible exception of this complication of controlling
therapy, neurological manifestations, apart from those due to cerebral haemorrhage, are
sufficiently rare in acute leukaemia for them to be reported as curiosities. An awareness
of their existence is important, but they are not likely to be met frequently.

Herpes zoster has a particular jation with malignant Jymph and
perhaps being precipitated by tumour involvement of some afferent pa{t of the reflex arc

Craver and Haagensen, 1932), but it rarely develops in acute leukaemia. i

The eyes. Ocular lesions are very common in acute leukaemia, the most important
of them being retinal or vitreous hacmorrhages developing during phases of severe
thrombocytopenia. The retinal haemorrhages may be superﬁcxa} or 'deep, ﬂame—shape.d
or irregularly round, but most often have pale centres with red peripheral zoncs. This
appearance is thought to be due to a central area of degenerate leucocytes ansmgh asa
result of embolism or of invasion by leukaemic cells. Accompanying the txaem(:irr’ ages
there is usually conspicuous dilatation of retinal veins, and small greyxsh-\\;h;;e x{n]u UIES 0(;‘

diffusely outlined ““cotton-wool” exudates are s9metune§ present. In tfheh 1 1'y dcuve ov?iih
picture of acute leukaemic retinopathy th.cre is gxtenswe oedgma ol 'u:ix ;ﬂmoih;gcs
blurring of the disc outlines, almost resembling papilloedema, and numera

1
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and exudates are scattered over a hazy background in which the dilated and tortuous
veins show pale perivascular sheathing due to infiltration with primitive cells (Plate XXII,
Figs. 5 to 8). Rarely the whole fundus appears to have a pale orange or greenish tinge.
While thrombocytopenia is obviously an important factor in producing retinal lesions, a
high peripheral leucocyte count, with many primitive cells, and a low haemoglobin level
are usually present when retinal changes are severe. Even when quite gross, changes have
oceurred, a surprisingly complete return to normal may take p]ace if a remission is induced,
and the variability of fundal changes is a prominent feature in acute leukaemia. Full

of the ophthalmology of leuk have been written by Borgeson and WVagener
(1929) and Goldbach {1933}, and the subject was reviewed extensively by Forkner (1938)
The commonest symptom associated with retinal or vitreous changes in leukaemia is
failing vision, but although the sudden onset of blindness, resulting from large retinal
haemonhages, has sometimes provided the initial symptom of acute leukaemia, and the

of or ing of the visual fields may be a promment feature,

it should be emphasized that consxdemhle retinal changes are often present in the absence
of any significant ocular symptoms.

Apart from ch;mges in thc fundus, common lesiond of the eyes in acute leukaemia
include § ion of t junctiva or sclera and subconjunctival haemorrhages
{Plate XX1I, Fig. 4), while leukﬁﬁ?ﬁﬁﬂmnm of the Jachrimal glands or deposits within
the orbit may sometimes be conspicuous and exophthalmos may be produced. Orbital
tumours are among the commonest features of chloroma (see p. 287) but are not often seen
in typical acute leukaemia,

‘The ears, Aural p are not in acute leul ia but may fonall
be conspicuous. Haemorrhage into the semicircular canals, leading to Meniere's syndrome
of tinnitus, vertigo and nausea, followed by deafness, sometimes occurs, and leukaemic
deposits may infiltrate the labyrinth, the middle ear or the auditory nerve, producing
various degrees of deaf! The i d liability to inf shown by patients with
leukaemia may lead to the development of acute otitis media.

The alimentary tract. Gastro-intestinal haemorrhage frequently occurs in acute
leukaemia, usually as a result of thrombocytopenia rather than of specific infiltrated
erosions, which are rare. Massive bleeding from the stomach or duodenum may occur,
and present a difficult diagnostic problem, since patients with acute leukaemia may suffer
alse from gastric or duodenal ulcers, not necessanly related to the leukaemic state or to
steroid thempy (Palmer, x955) Severe ially when d by

ized haemorrh: agic shonld therefors not be dismissed as due to leuk-
aemic bleeding or erosions without careful investigation. Specific infiltrations of the
stomach, ileum, appendxx, caecum or rectum, with localized nodule formation and even
ulceration and perforation, usually d with lor sub haemorrhages,
have occasmnally been observed, and may give risc to acute abdominal symptoms (Boikan,
1931; Campbell, Henderson and Croom, 1936; Forkner, 1938}, Although leukaemic
lesions in the gastro-mtestmal tract severe enough to cause symptoms are rare, infiltration
with leukaemic cells is not uncommon at the anal muco-cutaneons junction and painful
ulceration at this site may occur,

The genito-urinary system, Haemorrhaglc and infective complications of acute
leukaemia frequently involve the genito-urinary system, with attendant haematuria,
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menorrhagia or symptoms of nephritis or cystitis. Specific infiltration of the genito-
urinary tract with primitive cells can usually be demonstrated on histological examina-
tion, the kidneys being nearly always involved (Plate XXI1I, Fig. 6), the bladder less often
and the genital organs in perhaps a third of all cases. Symptoms directly attributable to
leukaemic infiltration of these organs are not often seen, but occasionally pain in the region
of the kidneys, ovaries or testicles, or obstructive swelling of the prostate may have been
prominent during life, when leukaemic deposits with no evidence of infection or serious
haemorrhage at these sites is found at autopsy. Early case reports of genito-urinary
involvement, including those of Gwyn (1930), Mach (1931) and White and Burns (1931),
were reviewed by Forkner (1938), and more recent reports of isolated cases have added
little to the general picture, Lucia and his associates (1952), in an extensive study of
visceral invol in primary plastic di of the reticulo-endothelial system,
obtained data on the frequency of urogenital tract infiltration in 49 patients with acute
leukaemia, Of 8 patients with acute stem-cell leukaemia, 7 showed infiltration of the
kidneys, z of the uterus, 2 of the ovaries and 2 of the testes. In 14 paticnts with monocytic
leukaemia, the kidneys were infiltrated in 11, the bladder in §, the uterus and ovariesin 1,
the testes in 8 and the prostate in 7, In 17 patients with lymphoblastic leukaemia, the
kidneys were involved in 15, the bladder in 7, the uterus in 2, ovaries in 2, the testesin 5
and the prostate in 3. In 10 patients with myeloblastic leukaemia, the kidneys were
infiltrated in 5, the bladder in 3, the uterus in 2, ovaries in I and the prostate in 2. The
varieties of acute leukaemia do not therefore exhibit striking differences in the frequency
of urogenital involvement, but the authors observed that the myeloblastic form tended
to produce the least prominent visceral deposits, while the largest leukaemic nodules were
usually found in the acute monocytic form. Nevertheless, massive invasion of the pelvic
organs does sometimes occur in forms of acute leukaemia other than monocytic (Winkel-
stein, Kato and Shamnoff, 1955).

Respiratory system. Infiltration in the respiratory tract, localized anywhere from
larynx to lung parenchyma, may rarely be of sufficient degree to cause prominent symp-
toms. Extensive lesions of this nature are distinctly uncommon, but scattered miliary foct
of leukaemic infiltration, not gross enough to have provoked obvious pulmonary symp-
toms, are frequently found at autopsy (Plate XXIII, Fig. 5). Nathan and Sanders (1955)
reviewed a total of 59 consecutive autopsied cases of acute leukaemia and found definite
leukaemic involvement of the lung parenchyma in 14 of them. Specimens in which leu-
kaemic cells were confined to the lumen of blood vessels were excluded. The infiltrations
were most commonly found invading the alveolar septa. The cellular accumulations were
sometimes dense enough to compress the capillaries and even the alveoli, but were generally
distributed in separated foci, each a few millimetres or less in diameter. A second common
site of infiltration was in the neighbourhood of small brenchioles and blood vcssels: while
less frequently subpleural foci of primitive cells were observed. Areas of pulmonary infarc-
tion secondary to vascular obstruction by leukaemic cells were not t_:bsgrved in this case
series, but were earlier reported by Joachim and Loewe (_x.927) and F‘xcssmgcr and F:_u_xvet
(1941). Leukaemic infiltration in the lungs is often not x"lsxb]e on mdlog.raph's, but miliary
shadows may be found, and if the lesions becom.e extensive and severe, 'x'mpmrment ogu pul-
monary function is likely to occur, with the pf)ss:ble de.velopm‘ent of thz': alv;olar—ca{: ?:?l,

block” syndrome. Nathan and Sanders did not differentiate between the cytologi
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varieties of acute lcukaemia, but in the course of their survey of visceral lesions Lucia and
his associates (1932) found the lungs invelved in 4 of 8 st I leuk ias, in 12 of 14
monocytic, in 12 of 7 lymphoblastic and in 5 of 1o myeloblastic leukacmias. The overall
incidence of pulmonary involvement in acute Jeukaemia therefore appears to be betwee.n
30 and 635 per cent, while lesions are least and pi in the myeloblastic
form.

Myocardium and pericardium, Infiltration of the myocardium with leukaemic cells
is found, post mortem, in about o per cent of patients with acute leukaemia (Plate XXIII,
Fig. g), but symptoms attributable to such infiltration are rare (Forkner, 1938; Lucia et al.,
1952). Invasion of the pericardium is much less although an increase in peri-
cardial fluid is frequently found at autopsy. Signs of cardiac failure may result from
anaemic anoxia of the myocardium in patients with prolonged severe anaemia, and this
condition may sometimes be encountered in the terminal stages of acute leukaemia,
especially in elderly patients,

Findings in the blood and bone marrow

The blood. The anaemiz and bleeding tendency of acute Jeuk ia have been di: d
already in Chapter 11, and it has been seen that, while both are commonly severe at some
stage of the disease, their pathogenesis is uncertain. Morphologically, the red cells are
usually normocytic and normochromic even when their numbers are greatly reduced, but
macrocytosis may sometimes be conspicuous, and variations in size and shape are not
uncommon and may occasionally be striking. There may be polychromasia and reticulo-
cytosis when red cell regeneration is active, and a few normoblasts are usually present.
During the early stages of remission these features are often exaggerated, and a significant
increase in reticulocytes is an important sign of c i ission. Persi: 1y high
numbers of reticulocytes and normoblasts are unusual in the more typical forms of acute
leukaemia, but are found in erythro-leukaemias, where the erythroblast series of cells
appears to be involved 1n a parallel proliferative process to that of the leucopoietic tissues.

During phases of thrombocytopenia, when platelet numbers have fallen to between
10,000 and 100,000 per cu. mm., the morphology of the few platelets to be seen in blood-
smears is often abnormal, with irregularities of size, shape and staining. Large platelets,
3 to 5 i in diameter, with sharply demarcated hyalomere and granulomere, often pre-
dominate when the platelet count begins to rise at the onset of remission, and the presence
of these characteristic young platelets is a further indication that remission is likely to
develop.

In all forms of acute leukaemia the total leucocyte count in the peripheral blood may
vary between very wide extremes. In the majonty of cases, levels between 20,000 and
50,000 leucocytes per cu. mm. are found during the early stages, but in 2 substantial
minority, amounting probably to some 30 per cent of all cases, the initial leucocyte counts

are subnormal or within the normal range and in exceptional cases figures up to 500,000
or more may be reached. When high counts are found, the predominating cells are leuco-
cyte precursors, chiefly the most primitive forms of the cell series concerned, either myelo-
blasts, lymphoblasts or early monocytes. The blood picture with lower total leucocyte
counts may be subleukaemic or aleukaemic (sce Chapter 2), but it is rare for an entirely
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CYTOLOGICAL DIFFERENTIATION OF ACUTE LEUKAEMIAS
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224 ACUTE LEUKAEMIA: CLINICAL ASPECTS

aleukaemic picture, with no primitive cells at all, to be found, and when this situation
exists a diagnosis cannot be made from examination of the peripheral blood. The presence
of anaemia and thrombocytopenia without diagnostic leucocyte changes should lead to
the study of a_spirated bone marrow, however, and the marrow cytology should prove
conclusive.

The various forms of differentiated leucocytes are easily distinguished one from another,
but their immature precursors have a general similarity in appearance, and since in many
cases of untreated acute leukaemia more than 8o per cent of the peripheral blood leuco-
cytes are of uniform immature type with few cells of an intermediate stage in develop-
ment, cytological classification often presents considerable difficulty. Nevertheless, by
careful study of Romanowsky preparations, supplemented by cytochemical stains and
phase-contrast microscopy, differentiation of the cytological varieties of acute leukaemia
can usuaily be made. In Chapter 5 some account has been given of the cytology and
cytochemistry of leukaemic cells as compared with normal leucocytes and reference has
been made to certain points of difference between myeloblasts, lymphoblasts and mono-
blasts. The chief features helpful in differentiating the forms of acute leukaemia are
summarized in Table IV. By the use of these criteria the great majority of cases of acute
leukaemia can now be classified as myeloblastic, lymphoblastic or monocytic, but when
full cytochemical studies cannot be made and in rare cases when the leukaemic cells are
unusvally primitive and difficult to classify, the term “stem-cell” leukaemia may be
applied.

The bone marrow. Post-mortem examination of the bone marrow of patients with
acute leukaemia reveals widespread hyperplasia, usually diffuse, but sometimes irregularly
nodular, extending throughout the whole marrow cavity of axial and limb skeleton alike.
Macroscopically, both the “red” and “ yellow " areas of marrow are uniformly replaced by
pinkish-grey leucopoietic tissue. Occasionally nodules of more creamy hue, due to par-
ticularly intense proliferation, areas of deep red haemorrhage, and sometimes white or
yellow infarcts may be seen (Plate XXIII, Fig. 1), but the general picture is one of uniform
change. Microscopically the normal erythropoietic and granulopoietic cells appear rela-
tively very few in numbers, although they may in fact be absolutely increased, and the
overwhelming majority of cells are primitive, immature, leucoblasts of whichever cell
series is involved. Megakaryocytes are few in number. i

Aspiration of bone marrow by puncture of the sternum, iliac crest ora vertebnttl spine
during life is 2 most valuable procedure for establishing the diagnosis in aleukaemic cases
and in differentiating leucopenic acute leukaemia from idiopathic thrombocytopenic
purpura, agranulocytosis and aplastic anaemia. In most cases, whatever the peripherfﬂ-
blood findings, the marrow aspirate proves to be highly celtular and composcd predomin-
antly of primitive cells. The nature of the dominant cells in the marrow in each of the
forms of.acute leukaemia is closely similar to that alrcady described for the peripheral
blood of frankly leukaemic cases, and the criteria for cytological differenhatxot'l' of pn‘rfutlvc

cells apply whether the cells are derived from blopd or marrow. Although “blast” cells
commonly constitute over 80 per cent of the c_ells in bone-marrow smears fro{n E;x}trcutcd
poorly cellular specimens without a great proportion of primitive cells

d. This may be due to irregular involvement of the bone marrow,
Ilular, diagnostic specimen, or it

acute Jeukaemia,

are sometimes obtaine: I 1 0 irre
when a second puncture at a different site will yield a ce



PLATE XIX
CYTOLOGY AND QYTOCHEMISTRY OF AGUTE MYELOBLASTIC
LEUKAERMIA

5. Peroadase reaction
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4. Alkahne phosphatase reaction
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PLATE XX
CYTOLOGY AND CYTOCHEMISTRY OF ACUTE LYMPHOBLASTIC
LEUKAEMIA

2. Feulgen reaction

6. Alkalme phosphatase reaction

3. Periodic acid-Schiff reaction



PLATE XXI
CYTOLOGY AND CYTOCHLMISTRY OF ACUTE MONOCYTIC LEUKAEMIA

2. Teulgen reaction 5, Peroatdase reaction
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3. Periodic acid-Schiff reaction 6. Alkahme phosphatase reaction




PLATE XXII
ACUTE LEUKAEMIA—CLINICAL FEATURES
1. Gingwval swelling 1n acute monocytic leukaemia. In places the teeth are
almost completely submerged. (Case No. 3.)
2 and 3. Views of an extensive maculo-papular rash, dusky red in colour, in
acute myeloblastic lenkaemia.  (Case No. 4.)
i i} 5 as the pi ing feature in acute Iympho-

4.
blastic Jeukaemia,
5,6,7, 8. Retinal p showing 1 and , venous
engorgement, and fundal cedema with blumng of thc disc margms, re-
sembling papilloedema, from patients with acute Jeukaemia.
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PLATE XXII

ACUTE LEUKAEMIA—CLINICAL FEATURES

1. Gingival swelling 1n acute monocytic leukaemia. In places the teeth are

almost completely submerged. (Case No. 3.)

2 and 3. Views of an extensive maculo-papular rash, dusky red mn colour, in
acute myeloblastic leukaemia. (Case No. 4.)

4. Subconjunctival haemorrhages as the presenting feature in acute lympho-
blastic leukaemia

5, 6, 7, 8. Retinal photographs showing haemorrhages and exudates, venous
engorgement, and fundal oedema with blurring of the disc margins, re-
sembling papilloedema, from patients with acute leukaemia.
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may be because the Weukaemic process s in an aplastic phase, when diagnosis may remain
uncertain untit frank leakaemic proliferation develops. ,

DY 1a) A1 is from Jouk 10 A1

Onte the possibility of acute leni ia has been envi ination of the peri
pheral blood and, if necessary, of the bone marrow, will emble the diagnosis 1o be firmly
established in nearly every case, The probl of differentiat di: is in acute leuk
are therefore few, but it is important to emphasize the variable symptomatology that may
oceur in the early stages and the superficial sesernblance sometimes given to other disease
states. As we have alrcady seen, predominant symptoms and signs may arise in many
different focalizations, and the primary non-leukaemic diseases which may be simulated
include Vmcent s angina, diphtheria, osteamyelitis, rheutmatic fever, pe}vxc, abdomma]
or medi acute septic infections, miliary i various
states such as meningitis and myclitis, and a wide sange of skin diseases, vaxded the
physician is aware that scute lenkaemia enters into the differential diagnosis of these
diseases, its existence tan usually be confirmed or excluded without delay or dificulty by
haematological examination.

A few conditions may present more difficulty in differential diagnosis in that the blood
pxcture as well as the clinical ﬁndmgs may be confused with those of acute le\xkaemm.

4 form, may feuk

and the “ glandular fever cells” of the penpheml blood can be mistaken for primitive ce)}s
by the inexpert, although they rarely show nucleoli and usually have coarsely stranded
or clamped nuclear chromatin guite unlike that of the immature leucocytes of acute
leukaernia. In glandular fever, however, there 1s usually no haemorrhagic tendency or
anaenia, the platelet and haemoglobin levels are normal, and the total leucocyte count
does not often exceed 30,000 to 40,000 cells per cu, mm, The Paul-Bunnell test for
heterophil agglutinin active against sheep red cells is positive in many cases of infections
monenucleosss, and, most conclusive of afl, the bone marrow does not show extensive
infiltration with abnormal cells in any way eomparable with the marrow replacement by
blast cells found in acnte leukaemias,

The similaritd bet\weeu teuk ic acute k ia and aplastic anaemia, hyper-
splenic pancytopenia, idiopathic thromb ic purpura and agranulocytosss may be
very striking so far as the clinical picture and pertpheral-blood state ate concerned, but

PLATE XX1I1

AGUTE LEURAEMIA-SKELETAL AND HISTOLOGICAY FEATURES

1. Areas of and n the by i marrow of acnte leukaemia.

2. Vertetrat osteoporasid angd ooliapse in acute lymphoblastic leukaemia,

3. Rarefaction and erosions at inner border of femoral necks and beneath the wchial perfosteum in
acute leukasmia

4. Radiwgraph of same patient, showing healmg of the
zissan induced apd maintained by aminopterin,

5, 6,7, B and 9. Infiltration with acate leukaemic cells in Jung, kid jit
myncardmm (X 300, X 59, X i00, X 50, X 50} g, kidney, liver, lymph gland and

bony lesions three months later during te-
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TREATMENT 227

tinic acid hydmzide presumably because it is more difficult for the organism to make
enzymatic adaptations to two modes of metabolic intesference than to one. Use of com-
binations of steroid b with anti bolites might be expected, in a similar fashion,
to produce more lete and fasting issk Experience in cfinical practice has lent
guarded support to this supposition, Employing folic acid antagonists in combination
with ACTH or cortisone administered either concursently or in alternating short courses,
Marie and his co-workers (1g57) and later Bernard and Mathé {1952} reported very good
responses in children with acute leukaernia. There was an apparent synergistic effect of
the drugs and less toxicity than with either agent alone. Magnin {1953}, Kelty and Beard
{1953) and Dameshek (1954) agreed 2s to the advantages of such combined therapy,
reparting remissions in as many as go per cent of their cases. The patients treated have
mostly been children, whose susceptibility is generally greater than that of adults, and
since the folic acid antagonists alone are rarcly of value in aduit cases the combination
seemns unlikely to be very profitable in such patients. The slight potentiating action of

ine on 6 ptopurine {Burchenal, 1954) has already been described. Mercapto-
purine and amethopterin da not appear to act symergistically in leukaemic patients
(Farber, 1954). Concurrent combination therapy has not yet been employed in large
series of cases with all possible combmations of drugs and the erratic natural covrse of
acute leukaemia makes it difficult to draw firm conclusions from small numbers of cases.
The place of such treatment has not, therefore, yet been cleatly established and, in
general, the available agents have most often been used in sequence.

A further point to be considered in deciding which of the potentially effective drugs to
use is the time required for their effect to become manifest. The antimetabolites usnally
require from 2 to 3 weeks before their administration leads to ission, whereas the steroid
hormones, and blood transfusion, when effectzve, produce striking improvement commonly
within a week.

Recommendations for general clinical of acute leuk ia in children and
in adults have been given, in the light of all these observations and considerations, by
Burchenal {1954), Hayhoe and Whitby (193 5), Burchenal and Elfison (1956} and Farber
¢ al. {xg36). In the first place simple transfusion alone may lead to remission of greater
or Jess extent in from 2o to 30 per cent of patients, the outcome of treatment being usnally
predictable within a week, with a fall in the proportion of primutive cells in the blood and
bone marrow and an increase in reticulocytes and platelets in those who respond. Second
temnissions may sometimes beinduced by this means. Hormonal or other chemotherapeutic
methods are more often and more fully effective, however, and treatment is therefore best

initiated with one of these agents, d by bload ion if there is
or severe anaemia, The choice of agent vades according to the type of primitive cell
present, whether m; , Iymphoblast or blast, and is inf d also by the

P
height of the peripheral leucocyte count, the clinical severity of the condition and whether
the patient is an adult or a child,

Lymphoblastic Jeukaemias, whether aleukaemic or not and whetker in ckild or adult,
are most likely to respond guickly to the steroid hormones, and prednisone, combined
with whole blood transfusion, is recommended as the initial mode of attack in patients
withh this form of leukaemia who are acutely ill. While this treatment is very effective in

producing arapid 8 fons induced by i have generally a shorter




226 ACUTE LEUKAEMIAI CLINICAL ASPECTS

unless the lenkaemia has entered an aplastic phase, marrow examination should reveal
the great preponderance of primitive cells and Jeave the diagnosis in no doubt,

Aciite exacerbation of chronic lenkaemias may come to resemble avute Jeukaemia, but
there is seldom a uniform picture of primitive cells in Mood and marrow, the usual finding
being one of mixed cell proliferation involving many Jater Jencocyte precursors as well as
blast cells,

The special problems of leukaemoid reactions, when non-leukaemic disenses stimulate
leucopoietic proliferation and reversion to immaturity are discussed in Chapter 16.

Although patients with acute lenkaemia do not often remain incorrectly diagnosed for
long, the percentage initially diagnosed on clinical grounds as suffering from non-leukaemic
diseases is surprisingly high, Thus in a recent survey of the records of a children’s hospital,

JOehme (1g57) found that only 10 of 8 cases of acute leukasmia admitted between 1944
and 1035 had been correctly diagnosed by the admitting physician. In 6 patients the
possibility of leuk iz was suspected, in 12 na di is was made, and the remaining
76 patients were erroncously diagnosed as follows: baemorthagic diathesis 13, contagious
di; {infectious leosis, infl meningitis, mumps, poliomyelitis, sepsis,
scarlet fever) 13, primary anaemia 11, theumatism and endocarditis 10, gastro-intestinal
diseases 6, tuberculosis 4, Hodgkin’s disease 3, panmyelopathy 3, osteomyelitis 3, brencho-
preumonia I, glossitis X, buccal celfnlitis 7, nephritis 1. This range of incorrect diagnoses
very well illustrates the difficulties of early clinical recognition of acute leukaemia and
points to the impertance of careful blood examination before any of these conditions,
capable of confusion with leukaemia, is accepted as the primary cause of illness. S

Treatment of Acute Leukaemia
The general principles of chemotherapy and supportive treatment and the modes of

action, dosages and possible clinical applications of a wide variety of therapeutic agents
have been discussed earlier in Chapters Yo and 11. It now remains to marshal views on

the best and most appropriate methods of use of the drugs at present available in the

b

ment of acute 1 .

The compounds of proven value in inducing fssions in acute Jeuk ia include anti-
tabolites such as & ptopurine and the gonists of folic acid and the steroid
hormones corticotrophin, cortisone, prednisone, prednisvlone and related substances. In
addition the special rode of Plood fusion and the inal value of desacetylmethyl-

colehicine have to be considered. In the case of every one of these agents resistance to
treatment develops sconer or later and the remissions induced rarely last morte than a few
months. Although there does not appear to be any cross-resistance between the groups
of anti-leukaemic substances referred to, and response to an agent of one group may be
achieved aiter resistance has developed to & member of another group, nevertheless
successive issions grow ingly full and prol d. Much attention has been
tevoted to the use of combinations or alternations of agents on the supfmsitifn (t}hai 1;);:
i by the leub ic cell parailels to some extent the dews

ra:g:txsﬁomi.:iig?fe by bacteri:{ 1o antibiotics and chemothe_mpeutic drugs, Thusdthe
development of streptomycin xesist:mcc.by ’the t}xbercle bacfllus fpngz"be ?dwveptc { cgl:
deferred if the antibiotic is used in hination with p acid or isoni

\
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prevent rapid deterioration during the transition period. When resistance again develops,
prednisone may be used alone, demecolcine may be tried, or various agents may be used
in combination.

In adults, since folic acid antagonists are of little value initially, 6-mercaptopurine is
at present the antimetabolite of choice, but when a refractory state emerges it is worth
trying amethopterin, since sensitivity to this agent sometimes appears to develop during
the course of treatment with mercaptopurine.

Continuous, rather than intermittent, therapy with the chosen antimetabolite appears
to give the most prolonged and satisfactory remissions and is therefore generally to be
preferred even when the blood and marrow findings have retumned substantially to normal.
During either the preliminary stages of treatment with high dosages of antimetabolites
or predni or during prol d mai therapy with smaller dosages, indications
may arise for temporary cessation of treatment. We have already noted that the develop-
ment of an aplastic state provides such an indication, and one should not hesitate to per~
form repeated marrow punctures to determine the extent of aplasia, leukaemicinfiltration
or normal regeneration duing this period, so that therapy can be stopped or restarted at
appropriate times. Other indications for reducing dosage or stopping treatment are
seriously toxic side-effects of the steroids, with severe fluid retention and oedema forma-
tion, hypertension, diabetes, hypokalemiz or psychosis. These effects are quite uncommon
in patients with acute leukaemia, even when large doses of prednisone are given, and the
less serious signs of hypercorticism, with rounding of the face and mild fluid retention, do
not necessitate stopping treatment. Reduction of salt intake and dietary supplements of
potassium chlonde, 3 to 6 gm, daily, help to reduce the incidence of side-effects. In the
case of folic acid antagonists, doses within the ordinary therapeutic range often cause
some loss of hair and occasionally diarrhoea or stomatitis, but treatment need not be
stopped unless the effects are marked.

Another danger associated with aggressive chemotherapy is the development of renal
failure due to hyperuricaemia following very rapid breakdown of cells. Dosages should
be adjosted to avoid excessively rapid falls in the leucocyte Jevels and fluid intake should
be high during the period of risk.

Iltustrations of the use of hormones and anti bolites in orin bi
will be found in the case reports at the end of thuis chapter.

The use of supportive and symptomatic measures for the control of anaemia, haemor-
rhage and infections occurring during the course of acute leukaemia has been discussed
previously in Chapter 11.

ion

Course and prognosis
The erratic natural course of acute leukaemia, with irregular fluctuations in the rate of

deterioration, i i and ting events such as hae-
e fatal, makes prognosis

morrhage and infection which may be serious enough to prow:
extremely difficult in an individual case and gives a wide scatter to collected survival
figures. Nevertheless, some impression of the general effect of specific therapy may be
gained from survival figures now available, although considerable differences appear to
exist between the reported experiences of different observers. Burchenal and Ellison {1956)
found that a substantial increase in survival time of children with acute leukaemia followed
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duration than thosev induced by ant‘ime.tabolites, and it is, moreover, desirable to avoid the
de.velopmenf: of resistance to steroids in the early stages of treatment, so that they may
still be available and effective for use in later acute relapses and to cover periods of
transition from one antimetabolite to another. For these reasons an attempt should be
made to produce control by antimetabolites as soon as possible, and a suitable compound,
amethopterin or some other folic acid antagonist in children and a purine antagonist such
as 6-mercaptopurine in adults, may be given concurrently with the prednisone and trans-
fusion from the start of treatment. During the first 2 or 3 weeks of this regime changes
may be expected to occur in the peripheral blood and bone marrow, with sharp decrease
in the numbers and proportion of primitive cells and often the temporary appearance of
an aplastic or hypoplastic marrow picture with a peripheral pancytopenia, followed by the
reappearance of normal haemopoiesis in the marrow and a steady rise in haemoglobin,
red cells and platelets, with reticulocytosis and a return of the leucocyte count towards
normal total and differential figures. At this stage the prednisone may be gradually tailed
off and an attempt made to maintain the remission by maintenance doses of the chosen
antimetabolite. When the aplastic, pancytopenic phase is marked, with few cells in marrow
aspirates and leucocyte count below 2,000 or 1,500 per cut. mm., temporary discontinuance
of antimetabolite therapy is advisable to avoid the danger of irreversible marrow failure,
and here the best guide in deciding whether to stop antimetabolite treatment or not is
given by the marrow state rather than the peripheral white cell count. Even with very
severe, peripheral leucopenia, full treatment should be continued if the marrow remains
actively cellular with predominantly primitive cells.

‘When the initial clinical state of patients with lymphoblastic leukaemia is less severe
and not deteriorating rapidly, control with antimetabolites alone may be attempted from
the outset, steroids being reserved for later emergencies. The same sequence of partial
aplasia followed by normal regenerative activity will then develop in responsive patients
after a variable period, usually between r and 4 weeks. Apart from the development of
marrow aplasia, a second indication for temporary cessation of treatment is the appearance
of marked antimetabolite effects on the gastro-intestinal tract, but in each case main-
tenance therapy in reduced dosage can usually be recommenced after a short interval.

In myeloblastic, acute monocytic or undifferentiated stem-cell leukaemias the general
plan of initial treatment with antimetabolites in less acutely ill patients may be followed
in the same way as for lymphoblastic cases, but when the clinical state is poor at thf
outset, differences of opinion exist as to the desirability of giving steroid hormones.
Prednisone may occasionally exacerbate the deterioration in myeloblastic leukaemia n{ld
is rarely effective except in massive doses in monocytic Jeukaemia, but neverthelessa tn_al
of prednisone in combination with an appropriate antimetabolite is probably worth yvf_ule
in every acutely ill patient, with the proviso that continued aggravation of tl?e clinical
or haematological picture after the first few days of treatment should lead to withdrawal
of the hormone. 3

1n all cases of acute leukaemia in children, folic acid antagonists are a rensopable first
choice of antimetabolite, since they are variably eﬁectiveA in all forms of the Fllsease and
probably give rise to the most complete and longest remissions. When a resistant state
emerges or the dose required to maintain cpntrol becomes so high that toxic .sxde—eﬂects
are intolerable, a change to 6-mercaptopurine may be effected, prednisone being used to



CASE REPORTS 231

60 or 70 per cent of cases are resistant to treatment, and even though the leucocyte count
can usually be brought down by aggressive antimetabolite therapy, né regenerative
haemopoietic response occurs and primitive cells increase rapidly once more when the
antimetabolite dosage is reduced below toxic levels. The existence of such a large percen-
tage of resistant cases tends to obscure the real benefits of treatment in the smaller number
of sensitive cases when group statistics are considered. Subdivision of patients with acute
lenk ia into responsive and ponsive groups, as reported by Frei and his associates
{1958}, shows that those of whatever age-group who respond to therapy survive almost
three times as long as those who fail to respond. The failure of specific therapy to improve
considerably the overall survival in adult acute Jeukaemia should not, therefore, be allowed
to obscure the substantial improvements obtained in a minority of patients. In attempting
prognosis of individual cases the initial response to therapy is most important. When the
leukaemic cells appear sensitive and evidence of remission develops, the likely survival
period may be considered in terms of 10 to 14 months, whereas failure to respond initially
suggests that the patient is unlikely to live more than 4 to 6 months. These figures apply
to both children and adults, but, of course, the majority of children with acute leukaemia
will fall into the first group, while the majority of adults will fall into the second.

The periods of survival reported in the literature have usually been measured from the
time of onset of the first pi Teuk ic symp but there is obviously con-
siderable possibility of error in assessing when the disease began, particularly in older
patients who commonly manifest an insidious onset. This factor undoubtedly contributes
to the rather wide scatter of recorded survival times, but it does not invalidate the general
conclusions on the effect of therapy.

Ilustrative Case Reports

Cast No. 1 (Fig. 37). Acute myeloblastic leukaemin. Male, aged 38 years, was first seen
on December 3oth, 1953, when he plained of i i k , breathl and
pallor for the previous 3 weeks. He had also throbbing headaches, feverishness and sweat-
ing, and anorexia. He was clinically grossly anaemic and had a few purpuric spots on the
skin and buccal mucosa and several fundal haemorrhages. There were no palpably en-
larged lymph glands, and neither liver nor spleen could be felt. The only physical sign
specifically suggesting acute leukaemia rather than aplastic anaemia was conspicuous
sternal tenderness. A blood count showed haemoglobin 2-3 gm. per cent, platelets 50,000
per cu. mm. and leucocyte count 5,200 per cu. mm., with 58 per cent myeloblasts and 4.
per cent promyelocytes, Sternal marrow was very cellular and characteristic of acute
myeloblastic leukaemia, with 67 per cent myeloblasts and xx per cent promyelocytes.
Despite repeated transfusions and treatment with cortisone, 200 mgm. daily, and, later,
6-mercaptopurine, 200 mgm. daily, no sigmficant remission could be induced, the peri-
pheral L yte count ined virtnally unch d, and after 7 weeks he died with a
terminal broncho-pneumonta which failed to respond to antibiotics. The total course from
onset was about 10 weeks.

Noteworthy features of this case include the rapid onset, the absence of glandular
enlargement and of swelling and ulceration of the buccal mucosa, the presence of very
severe anaemia and of thrombocytopenia with a 1 yte picture, the
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the use of antimetabolites and hormenes. Whereas, of 218 untreated cases collected from
the literature by Tivey (1952), 50 per cent survived 3-9 months from the onset of their
disease, 50 per cent of 154 children treated at the Memorial Hospital with folic acid
antagonists and steroids survived 8-g months from onset, and 50 per cent of 100 children
treated after mercaptopurine also became available survived between 11 and 12 months,
These ate among the more optimistic figures published. At the other extreme, Scott (1957)
found the mean length of survival from first onset of symptoms to be 202 weeks for 81
patients, both adults and children, treated by transfusion and antibiotics alone, while
the mean survival was inereased only to 21-7 weeks in 63 patients eceiving also “specific”
therapy with steroids or antimetabolites, Haut and his associates (1g55) compared the
longevity of 78 patients (45 children and 33 adults) with acute leukaemia treated with alf
available agents between 1947 and 1954 with the longevity of a group of 577 previously
reported cases treated without specific antimetabolites or hormones. This study failed to
show a statistically significant increase in survival of the specifically treated patients,
cither considered as a whole, or separated into childhood and adult groups. In a later
report from the same centre (Wintrobe e al., 1958) these earlier figures were compared
with the survival data for 8g cases of acute feukaemia treated between 1954 and 1957, and
an increase in median survival had now been found, The surnmarized data were as follows.
The control group, treated before specific agents came into use, had a mean longevity of
4 months. The mean survival of patients in the 1947-54 group was 3} months for children
and 5 months for adults, and in the 1954~7 group these figures had risen respectively to
30 months and 6} months. It is clear that the increase in Jongevity applied particularly
to children, but this was probably a reflection of the higher incidence of lymphoblastic
leukaemia in childhood, since a simuar increase in Jongevity (from 6} to 1o months} was
found in lymphoblastic leukaemias considered as a whole, irrespective of age. In myelo~
blastic leukaemia the increase in mean survival (from 43 to 5§ months} between the
10947-54 and the 1954~ groups was not statistically significant.

While comparisons of this sort suggest that an increase in longevity of some few months
is the most that has been achieved by the advances in treatment of the past x0 years, they
are in a sense misleading, and are not very helpful in determining prognesis in individual
patients. This is because the benefits of antimetabolite and hormone thesapy are found
in only a proportion of treated patients, while the considerable remainder, greater in adults
than in children, fal entirely or almost entirely to respond. The position is somewhat

\{ to the resp of staphylococcal mfections to penicillin; a proportion, due to
penicillin-sensitive organisms, respond well, while the remainder, caused by resistant
organisms, tespend poorly ot not at all. It would clearly be misleading so far as the prog-
nosis of an individual case of staphylococcal infection is concerned to thin[_c {n ten:ns of the
average respanse irrespective of whether the causative organism is penicillin resistant ov
sensitive; the differences between these subdivisions are too great. In the same way, cases
of acute leukaemia may be subdivided into th<>§e resistant go th‘empy gnd those sltoYmg
2 good ot partial response. The Iongevity of re 1t eases is ially t by
specific therapy, while that of sensitive cases is gons:derably increased, In lmpho lastic
Jenkaemia of childhood neasly all cases are sensxhye to one or pthcr of the avaflable agents

and often to more than one; the impmve‘ment in sumval is ihctefo_re obvious even in
group surveys. In other forms of leukaemia, especially in adults, as high a proportion as
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3
~ daily, and iderabl porary imp: ensued, but after 5 weeks {luid retention
became severe, with peripheral and pulmonary oedema, and the cortisone was tafled off.
' Immediate relapse again took place, but a third remission, more substantial than the
second and lasting 3 months, was induced by a bination of 6- ptopurine and
= cortisone. The final relapse, with death from cerebral haemorrhage, took place 16 months
after the first recognized onsct,
This case il the bl to th tic fever sometimes shown in the initial
stages of acute leu} ia, the g lized lymphad thy and spl galy most often
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seen in the lymphoblastic form, an lly full remission following treatment with blood
transfusion and antibiotics alane, and two subsequent shorter remissions induced Tespec-
tively by cortisone and bined cortisone and 6. i )

Cask No. 3 (Fig. 39). Acute monocytic leukaemia. Female, aged 43 years, was completely

well wntil mid-November 1954, when she developed a sore throat and fever of 104°F.

She was treated with penicillin lozenges and svlphonamides and gradually improved, bui

2 weeks later her gums began to swell rapidly, without soreness or bleeding, a.nd‘ she

became suddenly very much weaker and scarcely able to stand. During the next week a

petechial rash appeared on the legs and abd , the g ling i d until the
°
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characteristic marrow pattern of acute myeloblastic leukaemia and the failure to respor
1o any form of therapy.

Case No. 2 (Fig. 38). Acxde lymphoblastic lewkacmia. Male, aged 6 years, first notjcec
loss of appetite and increasing malaise in May 1933, A month later his left ankle ¥ .
swollen, Rot, stiff and painful, and soon afterwards the right ankle becams ' #~.3,
affected. He was admitted to hospital and found to have anaemia, leucopenia and throm
bocytopenia, with fever, painful swollen ankles, and moderate splenomegaly and lymph-
adenopathy. There were primitive cells in the peripheral blood, and 4 sternal marrow,
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Ve v d with whale
though poorly cellalar, showed go per cent lymphoblasts. He was treates
bloo(xlg trfgsfusion, a total of 6 pints being given, and also antiblotics. A very full haemato~
togical and clinical remission ensued, during which both marrow and peripheral blood
showed normal cytology and the only abnormal physical sign was just-detectable spleno-

' remiss i v ith gross spleno-
. After 6 months' remission severe relapse xapidly dev eXLoped‘, “lt-
::§3§ moderate lymphadenopathy at alf palpable sites, ang o k;me!;v(a; irczd oZ:mI

n int fell . per cent, and the p ,000 por
haemorthages. The haemoglobin fell to 4 gm. pel per o, mm,, mostly lymphoblasts,

ile the lencocyle count rose 1o 30,000
%\‘\mx‘r;r;é ::Igs z-iven ina doY:age of 300 mgm. daily, Iater reduced gradually to Y00 mgm,
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i 3¢ iderabl impr ensued, but after 5 weeks fluid retention
g:g&i sivere. with peripherml n‘:ld pulmonary oedema, and the cortisone was tailed off.
Immediate relapse again took place, but a thisd rcmissier.l, more substantial than the
second and lasting 3 montbs, was induced by a ¢combination of 6-mercaptop and
cortisone. The final relapse, with death from cerebral haemorrhage, took place 16 months
after the first recognized onset. ) X -

This case illustrates the resemblance to theumatic fever sometimes shown in the initial
stages of acute leu} fa, the g lized Jjymphad thy and v most often
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seen in the lymphoblastic form, an Wy full remission follow with blood

g
transtusion and antibiotics alone, and twa subsequent shorter remissions induced respec-
tively by cortisone and combined cortisone and 6-mercaptopurine.

Case No, 3 (Fig, 39). Aente moncoytic lewkaemia, Female, aged 43 years, was completely

well until mid-November 1954, when she developed a sore throat and fever of 104°F.

She was treated with penicillin lozenges and sulphonamides and gradually improved, but

2 weeks Iater her gums began to swell rapidly, without soreness or bleeding, and she

became suddenly very much weaker and scarcely able to stand. During the next week a

petechial rash appeared on the legs and abd the g Ming i d until the
°
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characteristic marrow pattern of acute myeloblastic leukaemia and the failure to respond
to any form of therapy.

Cask No. z (Fig. 38). Acute lymphoblastic lewkaemia. Male, aged 16 years, first noticed
loss of appetite and increasing malaise in May 1953. A month later his left ankle became
swollen, hot, stiff and painful, and soon afterwards the right ankle became similarly
affected. He was admitted to hospital and found to have anaemia, leucopenia and throm-
bocytopenia, with fever, painful swollen ankles, and moderate splenomegaly and lymph-
adenopathy. There were primitive cells in the peripheral blood, and a sternal marrow,
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orly cellular, showed go per cent lymphoblasts. He was treated with whole
:)tllgtl)‘gltlx'c}::sfugion, a total of 6 pints being gi.ven, an'd also antibiotics. A very full haemato-
logical and chinical remission ensued, during which })oth _marrow. and peripheral blood
showed normal cytology and the only abnormal physxc_al sign was just-detectable spleno-
megaly. After 6 months’ remission severe relapse ral_pxdly develloped', mtp gross splenc-
megaly, moderate lymphadenopathy at all palpable sites, and junctival and bucea
haegmo;rhages- The haemoglobin fell to 4 gm. per cent, and the platelets to x%ooo per
u. mm., while the leucocyte count rose to 50,000 per cu. mm., mostly }ymp oblasts,
éo.rtison‘:’. was given in a dosage of 300 mgm. daily, later reduced gradually to X100 mgm,
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nausea and vomiting. A course of demecolcine, 3 mgm. daily, was therefore given fora
petiod of 7 weeks, but although the leucocyte count was again brought down to less than
10,000 per cu. mm., the haemoglobin continued to fall rapidly angd several transfusions
swere required. Clinical deterioration slowly progressed and death oceurred at the end of
August, g months after the date of onset,

This case showed several typical featuzes of acute monocytic leukaemia, including the
gross hypertrophy of the gums, the p of only slight of lymph glands
and spleen, and the generally refractory nature of the disease, A partial remission was
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count without otherwise affecting the disease state,

SASE No. 4 (I’ig. 40). Aewde myeloblastic leukacmin, Female, aged 44 years, first noticed
“th pains” in the shoulders, worse on , in October x954. The pains
improved after a few days, but she began to feel tired and weak and unable to do howse-
3vork. After a month she developed 2 macular skin rash, starting on the abdomen, spread~
ing all over the body, and becoming conflzent in 2 days. There wese some as'sm:iaied
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teeth were half-submerged, and headache, great lassitude, and dyspnoea on slight exertion
developed. Physical examination at this stage revealed extreme hyperplasia of the gum
tissues (Plate XVII) accompanied by swelling and injection of the fauces and a few buccal
haemorrhages. An extensive purpuric rash covered the abdomen and thighs. There were
a few small glands palpable in the neck and axillae, and both spleen and liver were slightly
enlarged. A blood count showed haemoglobin 9+6 gm. per cent, platelets 90,000 per cu.
mm. and leucocytes 100,000 per cu. mm., with gz per cent promonocytes. Treatment
was started with 6-mercaptopurine, 150 mgm. daily, but although the leucocyte count fell
progressively to below 10,000 per cu. mm. during the next 4 weeks, there was no reticulo-
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cytosis or sustained rise in the platelet level 'and the haemog}obin continued to {all.. A
respiratory infection was treated with penicillin ax:xd aureomycin, and a blood tr'anst.\smn
of 5 pints was given. After 6 weeks' tre'atment signs of remission appeared, with disap-
pearance of purpura and fever and rise.u? platelets to 150,000 per cu, mm. The haemot-
globin, which had been raised from a minimum of 3-2 gm. per cent to 10-3 gm. per ce;lr.t
by transfusion, fell more slowly to 7-5 gm. per cent and remaxyed steady at about this
level for the next 4 months, while the leucocyte count e'zlso persxsteg at about 10,000 per
mm., with 20 to 40 per cent of promonocytes. Maintenance with 6-mgrcaptopunne
by t : iven during this time. In April 1955 the leucocyte count began to risc once more
—d n}(: lg:laemoglobin and platelets to fall, and 3 weeks’ treatment )wth Q—mercaptopunne
?:i?e:i teo affect the process of relapse, and the drug had to be discontinued because of
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stantial seduction in the mediastinal gland mass. The leucocyte count fell rapidly to
46,000 per ¢, mam,, bt soos rose again, anda week after completion of the course of deep
N-rays was 87,000 per cu. mm. The clinical condition was now reasona?)ly satisfactary,
however, and the patient was allowed to go home on oral treatment with 200 mgm. of
cortisone daily. The Jencocyte count continued to rise rapidly despite this treatment, and
the haemoglobin level now began fo fall, and after 3 weeks on cortisone the figures were:
haemoglobin 8+5 gm. per cent, platelets 100,000 per cu. ram, and leucocyte count 343,000
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per cu. man, i y lymph He was readmitted to hospital on Decernber
st, the cortisone was stopped, and t with 6 ptopurine was started in a
dosage of 150 mgm. daily, continued for 17 days. During this period the leucocyte connt
fell gradually to 50,000 per cu. mm., while the haemoglobin and platelets were well main-
tained and the clinical state improved. A very full clinical and haematological remission
ensued, lasting 4 months, without maintenance therapy, and subseguent relapses were
treated with short courses of 6+ ptopurine, each duch ission, until March
1936, when a refractory state developed. The policy of intermittent short courses of
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petechiae but no frank bleeding from mucosae or elsewhere. She felt feverish and sweated
freely, and at this time became increasingly deaf and began to lose visual acuity in both
eyes. On physical examination in early December the skin rash was seen tobe a generalized
rose-coloured maculo-papular eruption, confluent on the body and involving the face and
limbs (Plate XVII). There were haemorrhages and conspicuous patches of exudate in
both fundi, with general oedema of the retinae. A few small Ppetechiae were present on
the palate, but the mouth was not otherwise affected. There were no palpable glands,
neither the liver nor the spleen could be felt, and there was no evidence of involvement in
other systems. A blood count revealed haemoglobin 4-5 gm. per cent, platelets 20,000
per cu. mm., and leucocytes 2,100 per cu. mm, with no primitive cells. Sternal marrow
examination showed some go per cent of the marrow cells to be myeloblasts or promyelo-
cytes, thus establishing the diagnosis of acute myeloblastic leukaemia. Biopsy confirmed
that the skin rash was due to infiltration by myeloblasts and promyelocytes. Treatment
with cortisone, 6-mercaptopurine and blood transfusions failed to induce remission, and
antibiotics did not prevent the continuance of fever, for which no causative infection could
be demonstrated. Deterioration continued for 2 months, and a terminal respiratory infec-
tion led to death 4 months after the onset. The peripheral blood, initially aleukaemic,
became subleukaemic, with a total leucocyte count between 2,000 and 8,000 per cu. mm.
but with some 20 to 60 per cent of primitive cells, until the last few days of life, when the
total count rose to 44,000 per cu. mm., with gg per cent myeloblasts.

This case-history illustrates a prodromal rheumatic picture, with the first prominent
feature a spreading leukaemic skin rash, followed by failing sight and hearing. The failure
of specific therapy to influence the course of the disease is unfortunately typical of many
myeloblastic leukaemias, especially in adults. The absence of buccal ulceration or gum
infiltration, despite the extensive skin involvement, is noteworthy as a point of clinical
distinction between myeloblastic and monocytic leukaemia, while the absence of palpable
enlargement of spleen, liver or lymph glands also suggests the myeloblastic rather than
the lymphoblastic or monocytic form. These clinical points of differentiation are sugges-
tive rather than diagnostic, but in this case are supported by the clear-cut haematological
findings.

CasE %Io. 5 (Fig. 41). Acute lymphoblastic leukaemia. Male, aged 33 years, was admitted
to hospital in October 1954 in a stuporose condition, with acute superior mediastinal
obstruction due to a huge mass of enlarged mediastinal glands. There was genc‘mhzed
Ilymphadenopathy, the liver and spleen were both moderately enlarged, and the peripheral
leucocyte count was 110,000 per cu. mm., with 83 per cent lymphoblasts. The haemo-
globin level was 10 gm. per cent and the platelets m}mbered 150,000 per cu. mm. Treat-
ment with oxygen relieved the dyspnoea and he regained consciousness z.xfter 4 hom:s. His
first symptoms had apparently been dyspnoea on exertion and a feeling of respiratory
obstruction, present for 2 to 3 months before admission, }:Ie hnq also nonc‘ed rche?‘t 113§s
of weight and intermittent swelling of face and neck. The diag of acute lymp 1c
leukaemia was confirmed by examination of‘ th_e sternal marrow, and in view .of the
the large mass of mediastinal glands, X-ray therapy was given to
m and trachea, a total central dose of 200 r being given in three
d of 5 days. The respiratory obstruction and the congestion of
d and a further radiograph of the chest showed sub-

emergency state due to
the superior mediastin.u
treatments over a perio ¢
face and neck were rapidly relieve
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.antial reduction in the mediastinal gland mass. The leacocyte count fell rapidly to
6,000 per cu. mm., but soon rose again, and a week after completion of the course of deep
-rays was 87,000 per cu. mm. The clinical condition was now reasonably satisfactory,
owever, and the patient was alfowed to go home on oral treatment with 200 mgm. of
ortisone daily. The leucocyte count continued to rise rapidly despite this treatment, and
he haemoglobin Jevel now began to fall, and after 3 weeks an cottisone the figures were:
aemoglobin 8-5 gm. per cent, platelets 100,000 per cu. mm. and leucocyte count 343,000
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per cu. mm., predominantly lymphoblasts. He was readmitted to hospital on December
st, the cortisone was stopped, and freatment with 6-mercaptopurine was stasted jn a
dosage of 150 mgm. dadly, continued for 17 days. During this period the Ieucocyte connt
!d} gradually 10 50.000 per cu. mm., while the haemoglobin and platelets were well main-
tained and the clinwcal state improved. A very full clinical and haematological remission
ensued, lasting 4 months, without mai therapy, and sub relapies were
treated with short courses of 6 ptoparine, each duci) nission, watil March
1936, when a refractory state developed. The policyroi intermittent shott courses of
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petechiae but no frank bleeding from mucosae or elsewhere. She felt feverish and sweated
freely, and at this time became increasingly deaf and began to lose visual acuity in both
eyes. On physical examination in early December the skin rash was scen to be a generalized
rose-coloured maculo-papular eruption, confluent on the body and involving the face and
limbs (Plate XVII). There were haemorrhages and conspicuous patches of exudate in
both fundi, with general oedema of the retinae. A few small petechiae were present on
the palate, but the mouth was not otherwise affected. There were no palpable glands,
neither the liver nor the spleen could be felt, and there was no evidence of involvement in
other systems. A blaod count revealed haemoglobin 4-5 gm. per cent, platelets 20,000
per cu. mm., and leucocytes 2,100 per cu. mm, with no primitive cells. Sternal marrow
examination showed some go per cent of the marrow cells to be myeloblasts or promyelo-
cytes, thus establishing the diagnosis of acute myeloblastic leukaemia. Biopsy confirmed
that the skin rash was due to infiltration by myeloblasts and promyelocytes. Treatment
with cortisone, 6-mercaptopurine and blood transfusions failed to induce remission, and
antibiotics did not prevent the continuance of fever, for which no causative infection could
be demonstrated. Deterioration continued for 2 months, and a terminal respiratory infec-
tion led to death 4 months after the onset. The peripheral blood, initially aleukaemic,
became subleukaemic, with a total leucocyte count between 2,000 and 8,000 per cu. mm.
but with some 20 to 6o per cent of primitive cells, until the last few days of life, when the
total count rose to 44,000 per cu. mm., with g9 per cent myeloblasts.

This case-history illustrates a prodromal rheumatic picture, with the first prominent

feature a spreading leukaemic skin rash, followed by failing sight and hearing. The failure
of specific therapy to influence the course of the disease is unfortunately typical of many
myeloblastic leukaemias, especially in adults. The absence of buccal ulceration or gum
infiltration, despite the extensive skin involvement, is noteworthy as a point of clinical
distinction between myeloblastic and monocytic leukaemia, while the absence of palpable
enlargement of spleen, liver or lymph glands also suggests the myeloblastic rather than
the lymphoblastic or monocytic form. These clinical points of differentiation are sugges-
tive rather than diagnostic, but in this case are supported by the clear-cut haematological
findings.
CaseE %Io. 5 (Fig. 41). Acute lymphoblastic leukaemia. Male, aged 33 years, was admitted
to hospital in October 1954 in a stuporose condition, with acute superior mediastinal
obstruction due to a huge mass of enlarged mediastinal glands. There was generalized
lymphadenopathy, the liver and spleen were both moderately enlarged, and the peripheral
leucocyte count was 110,000 per cu. mm., with 83 per cent lymphoblasts. The haemo-
globin level was 10 gm. per cent and the platelets numbered 150,000 per cu. mm. Trcag-
ment with oxygen relieved the dyspnoea and he regained Fonsciousness ;'xfter 4 houx:s. His
first symptoms had apparently been dyspnoea on exertion and a fcclmg_ of respiratory
obstruction, present for 2 to 3 months before admission, }.{e huq also noticed rc‘ce&t lo§s
of weight and intermittent swelling of face and neck. The diag; of acute ly 1 ic
Jeukaemia was confirmed by examination of' th'e sternal marrow, and in view of the
emergency state due to the large mass of mediastinal glands, X-ray therapy was gwtcln to
the superior mediastinum and trachea, a total central dose of 200 r l(:}cmg given u:. xr(c;;
treatments over a period of 5 5:(:1ys. The respiratory qbstructxo;x :;]n :;hc co:gcs dwrth-
face and neck were rapidly relieved and a further radiograph of the chest showed s
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stantial reduction in the mediastinal gland mass. The leucocyte count fell rapidly to
46,000 per cu, mm., but soon rese again, and a week after completion of the course of deep
X-rays was 87,000 per cu. im. The clinical condition was now reasonably satisfactory,
however, and the patient was alfowed to go home on oral treatment with 200 mgm. of
cortisone daily, The leucocyte count continued to rise rapidiy despite this treatment, and
the haemaglobin level now began to fall, and after 3 weeks on cortisone the figares were:
haemoglobin 85 gm. per cent, platelets 100,000 per cu. mm, and leucocyte connt 343,000
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per cu. mis,, predominantly lymphoblasts. He was readmitted to hospital on December
1st, the cortisone was stopped, and with & ptopurine was started in a
dosage of x50 mgm. deily, continued for 17 days. During this peniod the leucocyte count
fell gradually to $9,000 per cu. mm., while the haemoglobin and platelets were well main-
tained and the clinical state improved. A very full clinical and haematological remission
ensued, lasting 4 months, without maintenance therapy, and subsequent relapses were
treated with short courses of € 3 i ission, until March

each p
1956, when 2 refractory state developed. The policy of intermittent short courses of
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petechiae but no frank bleeding from mucosac or elsewhere. She felt feverish and sweated
frecly, and at this time became increasingly deaf and began to lose visual acuity in both
eyes. On physical examination in early December the skin rash was seen to be a generalized
rose-coloured maculo-papular eruption, confluent on the body and involving the face and
limbs (Plate XVII). There were haemorrhages and conspicuous patches of exudate in
both fundi, with general ocdema of the retinac. A few small petechiae were present on
the palate, but the mouth was not otherwisc affected. There were no palpable glands,
neither the liver nor the spleen could be felt, and there was no evidence of involvement in
other systems. A blood count revealed haemoglobin 4-5 gm. per cent, platelets 20,000
per cu. mm., and lencocytes 2,100 per cu. mm. with no primitive cells. Sternal marrow
examination showed some go per cent of the marrow cells to be myeloblasts or promyelo-
cytes, thus establishing the diagnosis of acute mycloblastic leukaemia. Biopsy confirmed
that the skin rash was due to infiltration by myeloblasts and promyelocytes. Treatment
with cortisone, 6-mercaptopurine and blood transfusions failed to induce remission, and
antibiotics did not prevent the continuance of fever, for which no causative infection could
be demonstrated. Deterioration continued for 2 months, and a terminal respiratory infec-
tion led to death 4 months after the onset. The peripheral blood, initially alcukacmic,
became subleukaemic, with a total leucocyte count between 2,000 and 8,000 per cu. mm.
but with some 20 to 60 per cent of primitive cells, until the last few days of life, when the
total count rose to 44,000 per cu. mm., with gg per cent myeloblasts.

This case-history illustrates a prodromal rheumatic picture, with the first prominent
feature a spreading leukaemic skin rash, followed by failing sight and hearing. The failure
of specific therapy to influence the course of the disease is unfortunately typical of many
myeloblastic leukaemias, especially in adults. The absence of buccal ulceration or gum
infiltration, despite the cxtensive skin involvement, is noteworthy as a point of clinical
distinction between myeloblastic and monocytic leukaemia, while the absence of palpable
enlargement of spleen, liver or lymph glands also suggests the myeloblastic rather than
the lymphoblastic or monocytic form. These clinical points of differentiation are sugges-
tive rather than diagnostic, but in this case are supported by the clear-cut haematological
findings.

CasE II;\IO. 5 (Fig. 41). Acute lymphoblastic leukaemia. Male, aged 33 years, was admitted
to hospital in October 1954 in a stuporose condition, with acute superior mediastinal
obstruction due to 2 huge mass of enlarged mediastinal glands. There was generalized
Iymphadenopathy, the liver and spleen were both moderately enlarged, and the peripheral
lencocyte count was 110,000 per ct. mm., with 83 per cent lymphoblasts, The haemo-
globin level was 10 gm. per cent and the platelets numbered 150,000 per cu. mm. Trcaf-
ment with oxygen relieved the dyspnoea and he regained consciousness :_xftcr 4 hours. His
first symptoms had apparently been dyspnoea on exertion and a feellng of respiratory
obstruction, present for 2 to 3 months before admission, He h:u! also noticed recent 10§s
of weight and intermittent swelling of fnc.e and neck. The diagnosis of acute lym_phoblastlc
leukaemia was confirmed by examination of‘ thF sternal marrow, and in view _of the
emergency state due to the large mass of mediastinal glands, X-ray thc_rapy was given to

Hor mediastinum and trachea, a total central dose of 200 r being given in three
he t“pe‘:xts over a period of 5 days. The respiratery obstruction and the congestion of
giz :;d neck were rapidly relieved and a further radiograph of the chest showed sub-
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stantial teduction in the mediastinal gland mass. The lencocyte count fell rapidly to
46,000 per cu. mm,, but soon rose again, and a week after completion of the course of deep
X-rays was 87,000 per cu. mm. The clinical condition was now reasonably satisfactory,
however, and the patient was allowed to go home on oral treatment with 200 mgm. of
cortisone daily. The leucocyte count continued to rise rapidly despite this treatment, and
the haemoglobin level now began to fall, and after 3 weeks on cortisone the figures were:
haemoglobin 8-5 gm. per cent, platelets 100,000 per cu. mm. and Jeucocyte count 343,000
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per cu. mm., predominantly lymphoblasts. He was readmitted to hospital on December
1st, the cortisone was stopped, and treatment with 6-mercaptopurine was started in a
dosage of x50 mgm. daily, continued for 17 days. During this period the lencocyte count
fell gradually to 59,000 per cu. mm., while the haemoglobin and platelets were well main-
tained and the clinical state improved. A very full clinical and haematological remission
ensued, lasting 4 months, without maintenance therapy, and subsequent relapses were
treated with short courses of 6-mercaptopurine, each producing ission, until March
1956, when a refractory state developed. The policy of intermittent short courses of
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petechiae but no frank bleeding from mucosae or elsewhere, She felt feverish and sweated
freely, and at this time became increasingly deaf and began to lose visual acuity in both
eyes. On physical examination in early December the skin rash was seen to be a generalized
rose-coloured maculo-papular eruption, confluent on the body and involving the face and
limbs (Plate XVII). There were haemorrhages and conspicuous patches of exudate in
both fundi, with general oedema of the retinae. A few small petechiae were present on
the palate, but the mouth was not otherwise affected. There were no palpable glands,
neither the liver nor the spleen could be felt, and there was no evidence of involvement in
other systems. A blood count revealed haemoglobin 4-5 gm. per cent, platelets 20,000
per cu. mm., and leucocytes 2,100 per cu, mm. with no primitive cells. Sternal marrow
examination showed some go per cent of the marrow cells to be myeloblasts or promyelo-
cytes, thus establishing the di is of acute myeloblastic leuk ia. Biopsy confirmed
that the skin rash was due to infiltration by myeloblasts and promyelocytes. Treatment
with cortisone, 6-mercaptopurine and blood transfusions failed to induce remission, and
antibiotics did not prevent the continuance of fever, for which no causative infection could
be demonstrated. Deterioration continued for 2 months, and a terminal respiratory infec-
tion led to death 4 months after the onset. The peripheral blood, initially aleukaemic,
became subleukaemic, with a total leucocyte count between 2,000 and 8,000 per cu. mm.
but with some 20 to 60 per cent of primitive cells, until the last few days of life, when the
total count rose to 44,000 per cu. mm., with g9 per cent myeloblasts.

This case-history illustrates a prodromal rheumatic picture, with the first prominent

feature a spreading leukaemic skin rash, followed by failing sight and hearing. The failure
of specific therapy to influence the course of the disease is unfortunately typical of many
myeloblastic leukaemias, especially in adults. The absence of buccal ulceration or gum
infiltration, despite the extensive skin involvement, is noteworthy as a point of clinical
distinction between myeloblastic and monocytic leukaemia, while the absence of palpable
enlargement of spleen, liver or lymph glands also suggests the myeloblastic rather than
the lymphoblastic or monocytic form. These clinical points of differentiation are sugges-
tive rather than diagnostic, but in this case are supported by the clear-cut haematological
findings.
Case Ig\Io. 5 (Fig. 41). Acute lymphoblastic leukaemia. Male, aged 33 years, was admitted
to hospital in October 1954 in 2 stuporose condition, with acute superior mediastinal
obstruction due to a huge mass of enlarged mediastinal glands. There was generalized
Iymphadenopathy, the liver and spleen were both moderately enlarged, and the peripheral
leucocyte count was 170,000 per cu. mm., with 83 per cent lymphoblasts. The haemo-
globin level was 10 gm. per cent and the platelets numbered 150,000 per cu. mm. Treat-
ment with oxygen relieved the dyspnoea and he regained consciousness 'fxiter 4 hom:s. His
first symptoms had apparently been dyspnoea on gxertxon and a feelxn; of respiratory
obstruction, present for 2 to 3 months before admission. ‘I:Ie had_ also noticed relcex:‘t l<2§s
of weight and intermittent swelling of face and neck. The of acutg ly: 1p ic
Jeukaemia was confirmed by examination of' th_e sternal marrow, and in view .of the
emergency state due to the large mass of mediastinal glands, X-ray therapy was glvelx: to
the superior mediastinum and trachea, a total 'central dose of 200 ¥ beu;]g given m.t rei
treatments over a period of 5 days. The respiratory qbstructxon and the co‘x;g(-:'st(;on &
face and neck were rapidly relieved and a further radiograph of the chest showed sul
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were similarly induced. The danger of renal obstruction and uraemia following a rapid
decrease in the leucocyte count is also illustrated.

Cask No. 6 (Fig. 42). Acute lynphoblastic leukacmia. Male, aged 3 years, was first admitted
to hospital in November 1956 with a history of increasing pallor and tendency to bruise
for 8 weeks. He was purpuric and febrile and had moderate hepato-splenomegaly. The
peripheral-blood count showed severe anaemia, haemoglobin 5-4 gm. per cent, thrombo-
cytopenia, platelets 00,000 per cu. mm., and an aleukaemic leucopenic white cell picture.
Marrow aspiration established the di is of acute lymphoblastic leuk ja, smears
being composed predominantly of primitive cells. Initial treatment with transfusion and
prednisone induced a full remission, which was maintained for 7 months on amethopterin
before a resistant state developed. Chemotherapy was then continued with 6-mercapto-
purine, prednisone and transfusions being given to assist control during the period of
changeover. A second full remission ensued for 3 months before resistance again emerged.
A third short and partial remission, lasting 6 weeks, followed the combined use of pred-
nisone, amethopterin and transfusions, but the continued use of all these agents together
with 6 ptopurine could not prolong remission further and a mixed aplastic-leukaemic
terminal state, with staphylococcal laryngitis, led to death 17 months after the first onset
of symptoms,

The use of transfusions, steroids and anti: in seq and in bination:
isillustrated by this case report, which also provides an ple of the 11 issi
often to be ined in 1 hoblastic leul ja of childhood, The initially aleukaemic
picture, with no primitive cells in the peripheral blood, made marrow aspiration essential
to confirm the suspected diagnosis.
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treatment, given when the lencocyte count began to rise sharply, was successfully carried
out on an outpatient basis, but on one occasion, when the leucocyte count was brought
down from 72,000 to 12,000 in a short period, renal colic and nraemia developed, with
blood urea 220 mgm. per cent and blood uric acid 18 mgm. per cent. and a short admission
to hospital for fluid and dietary control and transfusion was necessary.
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i jssion wi i i disease had become
Further attempts to induce remission with aminopterin, after the dise
resis‘;ant to 6—meprcaptopur'me, were unsuccessful, and death occurred in May 1956, 22
hs after the first onset of symptoms. . . i

mlzlx'll:isscase illustrates a rather unusual initial clinical picture of progressive respiratory
difficulty Jeading to acute mediastinal obstruction, relieved by local X—m.y_trentme?t.
Treatment with cortisone was unsuccessful, but a full and prolonged remission was in-
d\r;i:d by a single course of 6-mercaptopurine, and subsequent shorter partial remissions
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patient and frequently gives rise to unpleasant dragging sensations or feelings of fullness
in the left side of the abdomen. Sometimes there is acute pain in the splenic region,
aggravated by respiratory movements and perhaps referred to the left shoulder, probably
due to perisplenitis over an infarcted zone, The enlarged spleen may cause digestive
disturbances, with flatulence and anorexia and even jonall iting, by displaci
and compressing the stomach. Metabolic symptoms are less common and conspicuous,
but the raised basal metabolic rate may be associated with Joss of weight, increased
sweating, nervousness, fever and tolerance of cold.

Retinal or skin haemorrhages, haematuria, or bleeding from mucous b of the
nose, gastro-intestinal tract or uterus occur early in the course of the disease in some 20
to 30 per cent of patients, but are rarely as severe as those d in acute lenk i

Among less common initial symptoms are bone pains, usually in the legs or hips but
sometimes in the back. These tend to be poorly localized and are not often severe enough
to be the prime symptoms. Priapism, venous thromboses, and menstrual irregularities
or amenorrhoea are also occasionally prominent initially, and pressure from splenic
enlargement may cause herniation or uterine prolapse, while rarely the development of
intense pruritus or a skin rash may first lead the patient to consult his doctor.

Scott (1957) lysed the freq of diffe presenting symptoms in 177 patients
with chronic granulocytic leukaemia and found asthenia in §8-2 per cent, awareness of
an abdominal tumour in 44-1 per cent, abdominal pain in 41-3 per cent, loss of weight in
40-1 per cent, symptoms of anaemia in 31-I per cent, a haemorrhagic state in 26-1 per
cent, dyspepsia in 24-g per cent, bone pains in g-6 per cent, ankle oedema in 5-6 per cent,
and hemnia in 3-g per cent.

The physical signs found on initial clinical examination closely parallel the predominat-
ing symptoms. Some degree of anaemia is usually present, the haemoglobin level being
between 6 and 10 gm., per cent in the majority of patients. Obvious loss of weight is another
very common feature, but the most striking abnormality is certainly splenomegaly. The
spleen is almost invariably considerably enlarged, reaches to below the umbilicus in most
‘patients, and not infrequently fills the whole left side of the abdomen, extending far across

4 the midline and inferiorly into the pelvis. The lymph glands are much less often enlarged,
but slight or mod lized lymphadenopathy is met with in about 20 to 30 per
cent of patients. Hepatomegaly is often demonstrable but is rarely gross. Other initial
physical signs are inconstant, but among those seen from time to time are purpura and
skin rashes, retinal haemorrhages, bone tenderness, most common over the sternum, and
other signs of system involvements discussed more fully below.

System involvement and correlated pathology

. _Lymph glands. While, as we have seen, enlargement of lymph glands is not common
initially in chronic Jocytic leuk ia, i becomes a more frequent feature
during the later course of the disease and the majority of patients have some generalized
lymphadenopathy before their illness has run its course. The glands remain discrete and
are no‘t tender. Histologically they show extensive infiltration of the normal glandular

\yﬂh_ 1} of every devel. I stage, and in some cases there is little
lymphocytic tissue remaining (Plate XIX). Rarely the lymph glands in one or more




CHAPTER 13
CHRONIC GRANULOCYTIC LEUKAEMIA: CLINICAL ASPECTS

THE clinical and hacmatological features of chronic granulocytic leukaemia are more uni-
form than those of acute leukaemia. Problems of differential diagnosis from non-leukaemic
diseases, particularly from other members of the myeloproliferative group and from leuk-
aemoid reactions, arise in a small proportion of cases, and are discussed in Chapter 16.
Subdivisions within the chronic granulocytic class seldom cause diagnostic difficulty, and
eosinophilic, basophilic and mature neutrophilic leukaemias are extremély uncommon,
These rare forms of granulocytic lenkaemia are briefty described in Chapter 15, and
attention is confined 1n the present chapter to the common form of chronic granulocytic
or myclocytic leukaemia, its modes of onset, initial symptoms and signs, system involve-
ments and correlated pathological changes, general clinical differential diagnosis, treat-
ment, course and prognosis. Case-histories illustrating the clinical aspects and the use of
modem chemotherapy are appended.

The incidence of this form of leukaemia in relation to age, sex, habitat and environ-
mental factors has already been discussed (Chapter 3) and we have seen that the disease
is rare in childhood but increasingly common with advancing age, and that males and
females are affected with about equal frequency.

Modes of onset

The onset is usually insidi symp slowly developing over a period of months or
even years before they become severe enough for the patient to seek medical advice.
Minot, Buckman and Isaacs (1924) and Hoffman and Craver (1931), in analyses of several | *
hundred case-histories, found intervals averaging a little over a year between the time
that symptoms were first noticed and the time that a firm diagnosis was made. The disease
may, however, be present long before any noticeable symptoms occur, and there are
several reported cases in which the blood picture of chronic granulocytic leukaemia was
discovered in apparently healthy individuals one or more years before the first onset of
symptoms (Wintrobe and Hasenbush, 1939; Sturg_is, 1955). In some of t}.xese patients
physical examination revealed no abnormality, while in others there was slight enlarge-
ment of the spleen or lymph glands. The frequent finding of_grt?ss spl.enqmegaly at first
examination of patients with chronic granulocytic Ieukaerpxa {tself indicates t‘ha't the
disease must have been developing for some considerable time in the great majority of

patients. . . . .
The initial complaints are chiefly those resulting from slowly progressive anaemia,

ic di i or, weak-
from splenomegaly, or from metabolic dxsturbances._ ‘Thus anaemia caunses pallor,
nress lz}:ssitude, palpitations and dyspnoea on exertion, and these symptoms are among
thos:: most commonly encountered, while splenic enlargement may itself be noticed by the
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(Scott, 1g57), but it occurs far more often in chronic lymphocytic leukaemia (Katz, 1932;
Forkner, 1938; Wile and Holman, 1940). .

Specifically leukaemic skin lesions are rare. Barney (x93§) collected c.letaxls og 21
reported cases, and described the commonest pattern as consisting of firm, clrcumscnbe'd
nodules or plaques, grey-blue or brown in colour, varying in size from 1 mm. to 5 cm. in
diameter, found chiefly on the trunk and seldom seen on the face, scalp or extremities.
The lesions are usually painless, but ulceration and infection may develop, especia!]y
when the nodules are large enough to cause bulging and stretching of the overlying skin,
and pain may then occur. Histologically there is a thinning and flattening of the epidermis,
and dense infiltration of the corium and sul tissue with locyte p 5
There is some evidence that the appearance of leukaemic skin nodules in chronic granulo-
cytic leukaemia heralds rapid deterioration and that death s likely to follow within a few
weeks (Goldhamer and Bamey, 1936; Paul and Limarzi, 1942; Scott, 1957).

Bones and joints. The intense proliferation of leucopoietic tissue in the bone marrow
in chronic g locytic leuk ia might be exp d to lead to thinning or erosion of both
medullary and cortical bone, with the production of radiologically demonstrable bone
lesions, Such lesions arc rather surprisingly rare, however, occurring in only about 5 per
cent of patients, although minor destructive foci, not visible in radiographs, may be
detected in a much higher proportion of cases at autopsy (Craver and Copeland, 1935).
Since the majority of patients are adults, disturbances of bone growth like those found in
children with acute leukaemia are not to be expected, but localized tumours, areas of focal
bone destruction leading sometimes to patholegical fractures, and subperiosteal infiltra-
tion with or without new bone formation have all been observed (Silverman, 1948; Nesbitt
and Roth, 1935; Scott, 1957). These advanced skeletal lesions have been found chiefly
in the upper parts of the femur or humerus, in the pelvis or in the lumbar spine, but some
generalized reduction in bone density is not uncommon (Plate XXV, Fig. 1). Bony tender-
ness on firm pressure may often be detected, especially over the body of the sternum, and
Craver (19z7) found this sign present in 75 per cent of patients with chronic granuloeytic
leukaemia, although, as he pointed out, the area of tenderness may be quite small and

¥ Jocalized and found only after careful search,

Pain and limitation of joint movements, perhaps associated with swelling and effusion,
have been reported {onally in chronic Jocytic leuk fa, partscularly in the
rare cases in childhood. The joints chiefly affected have been the knees, elbows, wrists or
finger joints, and post-mortem examination has revealed leukaemic infiltration of the
synovial membranes and juxta-articular bony erosions (Bedwell and Dawson, 1954).

vCentral nervous system., Neurological lesions may arise during the course of chronic
granulocytic lenkaemia as a result of haemorrhage secondary to thrombocytopenia in the
later phases of the disease, or as a consequence of thrombosis, regional infiltration with
leukaemic cells, or local tumour formation. Examples of these complications have long
been recognized and reported (Bramwell, 1886; Eichhorst, x88; Stursberg, 1914; Schwab
and Weiss, 1935) and the extensive earlier literature has been reviewed by Forkner (1936).
The symptoms and signs vary according to the nature and distribution of the lesions from
headache and mental disorientation to cranial or peripheral nerve palsies, hemiplegia,
paraplegia, peripheral sensory abnormalities, meningeal signs and coma. Cerebral or
cranial nerve involvement is more common than spinal or peripheral nerve lesions, but,
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groups may be markedly enlarged and perhaps painful and tender, and this uncommon
finding has been thought to presage a rapidly progressive course {Emile-Weil and Isch-
Wall, 1930; Scott, 1957). The possibility that gross localized lymphadenopathy in chronic
granulocytic leukaemia may be due to a second concurrent disease process, such as
Hodgkin’s disease or lymphosarcoma, must be borne in mind, since cases of this sort have
been reported (Skworzoff, 1930; Forkner, 1938).

Spleen. The remarkable extent of splenic enlargement in this form of leukaemia is so
consistent that even in treated cases, where the spleen size may have been greatly reduced
during periods of satisfactory control, the average weight of the spleen at autopsy ap-
proaches 2 kilograms. The organ retains its characteristic shape, with a well-marked
notch and generally smooth surface, but is very much firmer in consistency than a normal
spleen. There may be areas of surface roughening and creamy-white patches of fibrous
perisplenitis overlying infarcted areas, and adhesions to the abdominal wall or diaphragm
are commonly found. The cut surface of the spleen is paler than normal and an impression
of diffuse greyish-white infiltrate may be gained. Yellow or white infarcts, in various
stages of fibrous organization, are common, and areas of haemorrhage may be seen.
Histologically the capsule and trabeculae can be distinguished clearly, but the remaining
pattern of splenic structure is heavily infiltrated and replaced by polymorphonuclear cells
and granulocyte precursors and the Malpighian bodies can hardly be discerned.

Liver. Enlargement of this organ is seldom marked in the earlier stages, but becomes
more prominent as the disease progresses and at antopsy it is usual to find considerable
and even gross hepatomegaly. The surface is smooth and the consistency rather soft,
while on section there may be seen evidence of infiltration of a diffuse rather than a
nodular kind. The colour is pale, with a greyish or yellowish tinge, Histologically the
normal pattern of hepatic architecture is well preserved, but extensive infiltration with
granulocytes, both mature and immature, is to be seen in the areas around the portz.nl
tracts and along the hepatic capillaries and sinusoids (Plate XXV, Figs. 6 and 7). Hepatic
involvement seems rarely to interfere substantially with the functions of the liver, and
jaundice or ascites due to liver damage are most uncommon, L

The skin and orat branes. The t lesions in
chronic granulocytic leukaemia are due to haemorrhage and occur prilncil:.nlly in the later
stages of the disease when the platelet count is low. A fully purpuric picture may then

develop, similar to that frequently seen in acute leukaemia, but widespread and severe
purpura is seldom seen in the chronic disease except in the terminal stages or when
aggressive therapy had led to too sharp a fall in the plat_elet count. Petechm% haemo;—
rhages of the buccal mucosa or bleeding from the gum margins may also l?e founq inchronic
granulocytic leukaemia, but although they may sometimes occur ear}y in the disease they
are usually of minor extent except in the terminal throrqbccytcpemc phases. .

Apart from purpura, a wide variety of non-specific s)fm rashes have be.en reported in
chronic leukaemias, but they mostly occur in lymphocytic leukaemia, and in the grfmu}o-
cytic form there is little convincing ev.idence that. any form of cutane_ou]s rash can giustxﬁ;
ably be regarded as 2 leukaemid. ?qt}ents suf.fem!g from granulocytic eukaen:ix:l o n;-
of course Jose their general susceptxbxhty.tu 'skm d;seasqs, b'ut none appears unduly co
The incidence of this disease is certainly higher than

t perhaps herpes zoster. : 1 1
Icz::l’c’l ebxec?:(plr;inedpby c?incidence, being found for example in 7 of Scott’s 177 patients

1.




PLATE XX1V
CYTOLOGY AND CYTOCHLMISTRY OF CHRONIG GRANULOCYTIC
LEUKAEMIA
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apart from terminal cerebral haemorrhages, all neurological complications are quite rare.
Scott (1957) did not note a single example among the 177 patients included ir his survey.
Eyes and ears. Visual symptoms are infrequent in chronic granulocytic leukaemia,
although severe haemorrhage into the vitreous or retina may rarely lead to sudden blind-
ness, and less dramatic impairment of vision may follow repeated smaller baemorrhages.
Nevertheless, examination of the eyes reveals significant abnormalities in about two-thirds
of all patients. Goldbach (1933) found lesions in 60 per cent of 143 cases, the most
prominent being retinal haemorrhages, tortuous retinal vessels, optic neuritis with blurring
of the disc, and variable degrees of conjunctivitis and scleritis. Retinal changes occur
early in the course of the disease, and haemarrhages are more common in the fundus oculi
than in the skin. Leukaemic retinopathy, with venous engorgement, diffuse retinal
oedema, haemorrhages and circular white exudates with surrounding haemorrhagic halos,
was observed by Scott (1957) at the first examination in 114 per cent of his patients.
Haemorrhage or leukaemic infiltration in the auditory apparatus may lead to tinnitus,
vertigo, Méniére's syndrome or nerve deafness, but such complications seldom occur in
the chronic granulocytic form of leukaemia and few cases have been reported.
Gastro-intestinal system. Specifically leukaemic involvement of the alimentary
tract is very uncommon and it is rare to find more than slight generalized infiltration with
myeloid cells at autopsy. Alimentary symptoms are very often present, however, and we
have already seen that dyspepsia may be a presenting feature. Anorexia, flatulence and
debilitating diarrhoea may also be prominent, while gastro-intestinal haemorrhage in
leukaemic patients may lead to diagnostic confusion, since the clinical picture of primary
peptic ulceration may be closely simulated (Wintrobe and Mitchell, 1940). Indeed, gastric
and duodenal ulcers are not in chronic granulocytic leukaemia, perhaps
because the splenomegaly and increased metabolic rate throw additional strains on gastric
and intestinal activity and exacerbate any existing tendency to ulcer formation. Abdominal
examination in these patients will reveal considerable splenomegaly, and the blood picture
will establish the existence of leukaemia. If peptic ulceration is confirmed as the source of
haemorrhage by further investigations, medical treatment for the ulcer, with a gastric .
diet and antacids, may be combined with antileukaemic therapy. Gastro-intestinal
symptoms, especially anorexia and diarrhoea, which are unassociated with a primz‘lry
lesion in the gut, usually respond rapidly to any treatment which is successful in inducing
remission of the leukaemic process, and call for no additional therapeutic measures.

Genito-urinary system. Haematuria is commonly observed. Locke and Minot (1924)

found it in 15 per cent of 110 cases of chronic granulocytic leukaemia, and it i§ probably
present in a minor form at some stage of the disease in the majority of p_atxentSA The
bleeding may be dary to ¢ bocytopenia and part of a more generalized haemor-
rhagic state, or it may arise as a consequence of local infiltration with leukaemic cells or
tumour formation, with venous congestion and mucosal disruption.

Infiltrations may lead to enlargement of the kidneys, of the genital organs or of the
gland, but such involvement is r.'u'ely marked. Amenorrhoe{; is obs'erved in about
30 per cent of women who deve_ltop the dlse“f d“riﬂg the feled.“Ctjl}"" Pc’?ﬁd of ’1.1f5, ‘}“d
menorrhagia is a frequent ma ion of t] ytopenic ese

nti-leukaemic therapy, although some forms of therapy, such as busul-
respond best to ant i ti f patients. Priapism, due to
phan, themselves induce amenorrhoea in a proportion of patients. 3

prostate




PLATE XXIV
CYTOLOGY AND CYTOCHEMISTRY OF CHRONIC GRANULOGYTIC
LLCUKAEMIA
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apart from terminal cerebral haemorrhages, all neurological complications are quite rare.
Scott (1957} did not note a single example among the 177 patients included in his survey.
Eyes and ears. Visual symptoms are infrequent in chronic granulocytic leukaemia,
although severe haemorrhage into the vitreous or retina may rarely lead to sudden blind-
ness, and less dramatic impairment of vision may follow repeated smaller haemorrhages.
Nevertheless, examination of the eyes reveals significant abnormalities in about two-thirds
of all patients. Goldbach (1933} found lesions in 60 per cent of 143 cases, the most
prominent being retinal haemorrhages, tortuous retinal vessels, optic neuritis with blurring
of the disc, and variable degrees of conjunctivitis and scleritis. Retinal changes occur
carly in the course of the disease, and haemorrhages are more common in the fundus oculi
than in the skin. Leukaemic retinopathy, with venous engorgement, diffuse retinal
oedema, haemorrhages and circular white exudates with surrounding haemorrhagic halos,
was observed by Scott (1957} at the first examination in 11-4 per cent of his patients.

Haemorrhage or leukaemic infiltration in the auditory apparatus may lead to tinnitus,
vertigo, Méniére's syndrome or nerve deafniess, but such complications seldom occur in
the chronic granulocytic form of lenkaemia and few cases have been reported.

Gastro-i inal sy pecifically leuk ic involvement of the alimentary
tract is very uncommon and it is rare to find more than slight generalized infiltration with
myeloid cells at autopsy. Alimentary symptoms are very often present, however, and we
have already seen that dyspepsia may be a presenting feature. Anorexia, flatulence and
debilitating diarrhoea may also be prominent, while gastro-intestinal haemorrhage in
leukaemic patients may lead to diagnostic confusion, since the clinical picture of primary
peptic ulceration may be cJosely simulated (Wintrobe and Mitchell, 1g40). Indeed, gastric
and duodenal ulcers are not uncommon in chronic granulocytic lenkaemia, perhaps
because the splenomegaly and increased metabolic rate throw additional strains on gastric
and intestinal activity and exacerbate any existing tendency to ulcer formation, Abdominal
examination in these patients will reveal considerable splenomegaly, and the blood picture
will establish the existence of leukaemia, If peptic ulceration is confirmed as the source of
haemorrhage by further investigations, medical treatment for the ulcer, with a gastric
diet and antacids, may be bined with antileul ic therapy. Gastro-intestinal

ymp peciall and diarthoea, which are unassociated with a primary
lesion in the gut, usually respond rapidly to any treatment which is successful in inducing
remission of the leukaemic process, and call for no additional therapeutic measures.

Genito-urinary system. Haematuria is commonly observed. Locke and Minot (1924}

found it ir 5 per cent of 3130 cases of chronic granulocytic leukaemia, and it is probably
present in a minor form at some stage of the' disease in the majority of p.atients. The
bleeding may be secondary to thrombocytopenia and part of a more generahzed. haemor-
rhagic state, or it may arise as a consequence of lacal mﬁl}ratxon with Jewkaemic cells or
tumour formation, with venous congestion and m}xcosal disruption.

Infiltrations may lead to enlargement of the kidneys, of the genital organs or of the
prostate gland, but such invoivement is rc}rely mar!ged. Amenonhoeg is obs.erved in about
10 per cent of women who devqlfp.t}zfoﬁ’a”ff dunlng th: :ﬁ:ﬂf‘“ﬂ:ye Pefl_‘l‘:i:f}_‘fer :uu:

g " a t
menorrhagia 15 i-leukaemic therapy, although some fgrms of therapy, such as busul-

best to anti A " . .
;?::m:hemselves induce amenorthoea in a proportion of patients. Priapism, due to

1
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thrombosis or leucocyte aggregation in the corpora cavernosa, is a well-recognized symp-
tom of chronic granulocytic leukaemia in the male, and may be persistant and painful.
1t is much less common than many text-book descriptions would Jead one to believe;
probably not more than 2 to 5 per cent of males suffer from it (Craver, 1933; Scott, 1957).
Priapism of the clitoris has been reported but is excessively rare, The symptom responds
rapidly to general anti-leukaemic therapy, and surgical evacuation of the corpora caver-
nosa is not indicated.

Respiratory system. Since lymphadenopathy is seldom gross in granulocytic leak-
aemia, respi y symp dary to bronchial obstruction by enlarged mediastinal
glands are not often encountered, but some degree of basal pulmonary congestion or
collapse often results from diaphragmatic elevation due to the enlarged spleen and liver.
Pulmonary infections tend to develop terminally and probably occur more readily in the
presence of vascular engorgement with granulocyte precursors and consequent alveolar
oedema (Plate XXV, Figs. 4 and 5). Infiltration of the pleura with the formation of an
exudate is rare.

Cardiovascular system. Specific infiltration of the heart or pericardium is seldom
extensive enough to give rise to symptoms or physical signs, although histological sections
often disclose some nvasion of the myocardium. Pericarditis and pericardial effusions
have occasionally been reported (Bierman, Perkins and Ortega, 1952; Scott, 1957).

Palpitations, dyspnoea, systolic murmurs and later cardiac failure may occur as a result
of anaemia.

The blood. The peripheral blood picture in chronic granulocytic leukaemia is nearly
always quite ch istic and quivocally diagnostic. The number of circulating
leucocytes is enormous, averaging between 200,000 and 300,000 per cu. mm., with
occasional levels greater than a million per cu. mm. Counts below 50,000 per cu. mm. at
the time of first examination, prior to the start of therapy, are uncommeon, and sub-
leukaemic or alenkaemic forms are extremely rare. Differential leucocyte counts show
that the great majority of the circulating cells are locytes or docyte p
neutrophil polymorphs, metamyelocytes and myelocytes predominating, but with variable

bers of promyelocytes and lobl usually less than 10 per cent of the total.
A further conspicuous feature is an increase in basophuls, which commonly make up from
5 to 20 per cent of the total, and there may also be an increase in total numbers of eosino-
phuls, roughly in proportion to the rise in the neutrophil figures, Variability in size and
granularity is often prominent among both the mature and immature granulocytes, and

PLATE XXV
CHRONIC GRANULOCYTIC LEUKAEMIA
and

1. Vertebral collapse and diffuse porotic changes.
2. Marrow section from chromec !

resembling 3. (X 100)
3. Marrow 1n megakaryocytic myelosis and myeloid metaplasia, (X 100}
4and 5, Low- and high-power views showing p infiltration wif

granulocytes. (X 50 and X 100)

6 and 7. Low- and high-power views showing characteristic pattern of hepatic i fon in chroni
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Differential diagnosis from leuk ic states

The highly characteristic initial clinical picture of the great majority of patients with
chronic granulocytic leukaemia makes for easy and rapid diagnosis, and even '\\'hen the
symptoms and signs are not typical the blood findings are almost )'nv:u?ably diagnostic.
Clinically, confusion might exist between chronic granulocytic leukaemia and the many
other causes of anacmia and splenomegaly, but there is little purposc in analysing the
points of similarity and difference that might be helpful in establishing the correct d.iag-
nosis clinically, since a blood count would certainly be required in any of thesc conditions
and would at once provide the answer in almost every case. More substantial difficulty
may arisc when the peripheral-blood picture is aleuk ic or leuco-erythroblastic, with
only a moderate increase in lewcocytes to the region of 15,000 to 50,000 per cu. mm., and
in these circumstances examination of the bone marrow and cytochemical studies of
leucocyte alkaline phosphatase may be necessary to distinguish between leukaemia and
other myeloproliferative diseases such as myelofibrosis, and myelocytic leukacmoid re-
actions to acute or chronic infections, or to izi 1i; tes and lymp
When an actively cellular granulocytic marrow picture is found, and the alkaline phos-
phatase content of the leucocytes is below normal, a diagnosis of leukaemia can be made
with confidence (sce also p. 313}

Treatment

The general principles of radiotherapy and chemotherapy of the leukaemias, and the
range of available agents, their modes of action, toxic effects, dosages and methods of use
have already been dealt with in Chapters g and 20, while supportive modes of treatment
have been discussed in Chapter 1. Opinions on the practical use of the most appropriate
agents in chronic granulocytic leukaemia will now be summarized.

Radiotherapy has been very widely used in the treatment of this disorder for more than
50 years and is highly effective in alleviating symp and i i ffici an
well-being in nearly every case. The is most Iy applied to the enlarged
spleen, successive exposures being given through different skin areas, anterior, lateral and
posterior, overlying first the lower part of the spleen and later the upper part. Satisfactory
responses with minimum skin effects can be achieved in this way. The initial dose, usually
of 50 to Too T, is followed by successive daily doses of the same or gradually increasing
amount in accordance with the changes in peripheral lencocyte count, so that a steady fall
is brought about. Treatment is stopped when the leucocyte level has reached about
20,000 per cu. mm., and a continued fall to the region of 10,000 per cu. mm. is likely to
take place during the next few days. There is a good deal of variation in the sensitivity
of individual patients to irradiation, and doses ranging between zoe r and 7,200 r may be
necessary to achieve the desired result, Following the drop in leucocyte count, the haemo-
globin and red cell Jevels rise towards notmal, the spleen is reduced in size and clinical
remission ensues. The blood picture is followed closely after the course of deep X-ray
until 1t becomes relatively stable and blood counts are then repeated monthly. Further
courses of treatment may be given when the leucocyte count rises above 50,000 per cu.
mm. or when spl 1 b recur, Second and later courses of

or t p
treatment generally involve higher doses before an adequate effect can be achieved, and
®
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mitotic figures, sometimes irregular, may be seen in circulating myeloblasts, promyelo-
cytes and myelocytes. Although lymphocytes and monocytes are relatively few in
numbers, their absolute levels are commonly much increased above normal, and in some
cases a substantial monocytosis may exist. There is no doubt that the close relationship
between monacytic and myeloblastic proliferation, manifest in the acute myelo-monocytic
leukaemias, has a parallel in chroni¢ granulocytic leukaemia, since occasionally monocytes
may be as numerous as myelocytes in the peripheral blood in this disease. The cytological
features of the leucocytes in the blood are illustrated in Plate XXIV. Distinctively
leukaemic characteristics, enabling the differentiation of individual cells from their
counterparts in non-leukaemic leucocytic proliferation or lenkaemoid states, cannot be
detected, but there is a remarkable absence of alkaline phosphatase activity in the poly-
morphs in this form of leukaemia, whereas the leucocyte content of this enzyme is higher
than normal in most Jeukaemoid states.

The platelets are usually numerous in the early stages and platelet counts much above
normal are not uncommon. In some cases the platelets are markedly irregular in size and
shape, and megakaryocyte fragments may be seen in the circulating blood. Subnormal
platelet levels are often found in the later stages of the disease, when thrombocytopenic
bleeding may develop, and this decrease in platelets appears to form part of the natural
course of the leukaemia, although it is not always easy to be certain that thrombocyto-
penia developing during the course of treatment with radiation or cytotoxic drugs has not
been therapeutically induced.

Anaemia is invariably present at some stage of the disease and is often the dominant
factor in the clinical picture. Occasionally when chronic granulocytic leukaemia is first
diagnosed, there may actually be a degree of polycythaemia, and the relation between
these two myeloproliferative diseases will be discussed in more detail in Chapter 16. In
the great majority of cases, however, moderate anaemia is present from the time of first
diagnosis, usually with normocytic, normochromic red cells, and tends to become more
severe as the leukaemic process deteriorates. With haemoglobin levels below 6 or 7 gm.
per cent the red cells often show anisocytosis and Iess often poikilocytosis, and an increase
in polychromasia and reticulocytes to 5 or Io per cent may be found, while a few late
normoblasts may appear in the peripheral blood. The nature of the anaemia and possible
factors active in its pathogenesis have been discussed eartlier (pp. 197-200).

The bone marrow. As in the acute leukaemias, actively leucopoietic greyish-red
marrow is found throughout the whole skeleton, replacing the normal red marrow of the
axial skeleton and the inactive fatty marrow of the limb bones. Trabecular erosions are
often to be found, and there may be evident thinning of the cortex with an expanded
marrow cavity. The cytology of the martow cells in smears and sections closely resembles
that of the peripheral-blood cells. Granulocytes in all stages of development are present
in large numbers, with neutrophil myelocytes, metamyelocytes and pol_ymorphs p_redon_:-

inating. Islands of erythroblasts can be found, and although‘th‘e mygqud:grythrmd ratio
is increased very considerably over nor{na]. total erythropoietic activity is probably at
least as great and perhaps greater tha{l in the normal marrow. Megakaryocytes are }'i.oﬂl;
spicuous in the early stages of the d‘xseast‘i when the p'enp‘heml Pla‘fm °°“i‘,t is . 1g
(Plate XXV, Figs. 2 and 3), but when t] topenia P yocytic aplasia
is usually found.
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discussed the incidence and prevention of toxic reactions, especially myeloid aplasia.
Galton and Till (1955), recording the results of treatment of 31 cases during a 5-year
period, recalled that their initial short intensive dosage scheme, in which 100-150 mgm.
were given in I to 6 days, was stopped because three patients developed severe marrow
depression and one died. Subsequently a more conservative plan of therapy was used,
with doses rarely exceeding 4 mgm. daily. Treatment was stopped *when clinical and
haematological improvement seemed to justify it, or when the leucocyte count was thought
to be falling too steeply”. In general they have aimed to maintain the leucocyte count
between 10,000 and 20,000 per cu. mm,, and no further cases showing signs of toxicity
were encountered.

Greig (1956) used a similar initial dosage of 4 mgm. daily, but continued treatment at
this level until *“the blood count showed no further evidence of improvement”. The
Jeucocyte count was brought to “‘normal levels”, and maintenance therapy continued at
a dose between 1 and 2 mgm. daily. Marrow aplasia occurred in only T of 34 cases in his
series, and that in a patient who had inadvertently received a double dosage rate for 45
days (8 mgm. daily). Recovery took place when busulphan therapy was stopped. Greig
noted that in two patients who were thrombocytopenic at the start of treatment the effect
of busulphan was to aggravate this feature, and the drug had to be stopped.

A more precise plan of therapy which appears equally safe and allows more rapid
remission to be produced has been used by Hyman and Gellhorn (x956). They gave initial
doses of 10 mgm. daily and followed the peripheral leucocyte count every 2 to 3 days until
it reached 25 per cent of the original level. Therapy was then discontinued until the
leucecyte fall stopped. Further treatment was given if necessary to bring the white cell
Jevel to within the normal range of 6,000-10,000 per cu. mm. If imitial response was un-
satisfactory, doses of as much as 20 mgm. daily were given until a suitable rate of fall was
achieved. An even more aggressive routine plan of therapy has been used by Dameshek
(1957), who gave initial doses of 816 mgm. daily until the leucocyte count reached 5,000~
6,000 per cu. mm. The drug was then stopped, and winle the white cell count sometimes
continued to fall to 2,000-3,000 cells per cu. mm., Dameshek encountered no deleterious
effects from this procedure in a series of 34 cases, apart from 2 temporary cases of thrombo-
cytopenia. Maintenance with doses of the order of 2—4 mgm. daily may be well tolerated
and lead to p d ion, but pected bo wrow faslure has developed
suddenly in a few patients so treated (Haut et al., 1955; Storti and Pederzini, 1955;
Hayhoe and Kok, 1957).

Clearly, the administration of large doses of busulphan is frequently associated with the
development of aplastic states (Wilkinson, 1953; Galton and Till, 1955; and Storti and
Pederzini, 1955). In the majority of cases high dosage rates are now used only in patients
who have proved resistant to more conservative schemes of treatment, and then only with

very close haematological supervision. The dosage employed by Dameshek appears to be
too close to the toxicity level to be safely used without very frequent blood counts, and,
although in his experience undue marrow depression has not occurred, the advantages of
such intensive therapy for routine use would seem {0 be outweighed by the tisks.

It is th ically desirable to maintain the white cell count between 5,000 and 10,000
cells per cu. mm,, and Hyman and Gellhorn emphasize that in their experience the best
results of treatment with busulphan are obtained when the leucocyte level has been
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the resu].ting e '_ ions last for ively decreasing periods, so that it may become
more satisfactory in the course of time to discontinue intermittent intensive courses of
treatment and replace them by a single weekly splenic exposure of 100 to 200 1, A refrac-
tory state eventually emerges, and at this stage further control can sometimes be effected
by chemotherapy.

Spray irradiation may be given to the long bones (Leucutia, 1934) and attempts have
been made to calculate a maintenance dose of whole body radiation to be given at regular
intervals, instead of the more customary intermittent courses (Osgood, 1951). It is doubt-
ful if these alternative methods of treatment offer any advantage over simple splenic
irradiation,

Irradiation sickness, with nausea, vomiting and diarrhoea, may be troublesome during
the period of treatment, but is not often severe and is of short duration. A rare complica-
tion of treatment, when the leucocyte count falls very rapidly and the blood uric acid
level rises sharply, is ureteric obstruction by uric acid crystals. Anuria and renal failure
may develop (Lear and Oppenheimer, 1950). The hyperuricaernia has been known to
precipitate acute gout (Shorvon, 1946). In the great majority of patients, however, splenic
irradiation is well tolerated and effective. The first remission induced by this means
usually lasts about g months to a year, but occasional patients may be found to be much
more sensitive or resistant than the average and a second course of radiation may not be
needed for 4 or 5 years or may be required within 3 months of the first. Treatments may
be given as often as necessary to hold down the leucocyte count and the spleen size,
provided that they do not aggravate anaemia or thrombocytopenia, and that signs of
acute myeloblastic crisis are not present.

Radioactive phosphorus has been widely used in chronic granulocytic leukaemia, and
yields remissions comparable with those obtained by X-rays (Osgood, Seaman and Tivey,
1955). The variation in individual sensitivity is considerable, and dosage must be adjusted
carefully during the initial course in accordance with the changes in the blood count. The
only advantages of P32 treatment over X-radiation are the freedom from irradiation sick-
ness and the fact that elaborate apparatus is not required. Since chemotherapeutic agents

offer these advantages and others, radioactive phosphorus is decreasingly used in the
treatment of this discase at present. Recommendations for the practical management of
P32 therapy have been given by Reinhard and his associates (1946), Lawrence ¢/ al. (1948),
Friedell and Storaasli {1949) and Osgood and Seaman (1952).

Chemotherapeutic agents effective in chronic granulocytic leukaemia include urethane,
the nitrogen mustards, triethylene melamine, busulphan (myleran), 6-mercaptopurine and
desacetylmethylcolchicine (demecolcine). The undesirable side-effects associated with
the administration of the nitrogen mustards and to a lesser extent urethane and triethyl-
enemelamine, and the marked variation in sensitivity of marrow tissue in different patients,
with the consequent unpredictability of response and danger of dmg—induc.eé aplasia, have
resulted in the relegation of these agents from general use. Of the remaining drugs, the
most effective, safest and least troublesome appears to be busulphan (see also p. 177).

in the treatment of chronic locytic leuk ia, busulph h
g}cl:lrlle:tsiintrol for long periods in most cases. Several different schemes of treatment
with a wide range of dosage have been report;d, and these have been reviewed and recom-
mendations for routine use of busulphan given by Hayhoe and Kok (1957), who also
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Reference has been made eatlier to the use of 6-mercaptopurine and of desacetylmethyl-
colchicine in chronic granulocytic leukaemia {pp. 167, 179). While these drugs are
effective in most cases, they do not appear to be superior to busulphan and are rather more
difficult to manage satisfactorily. Their use in initial chemotherapy is not recommended,
but either may reasonably be tried when a resistant state to busulphan develops.

Supportive treatment with blood transfusion to combat anaemia and antibiotics to deal
with intercurrent infections, and the possible value of splenectomy in patients with refrac-
tory anaemia, a shortencd red cell life-span and considerable splenomegaly, have also been
discussed earlier (Chapter 11),

Examples of the practical management of therapy are given in the illustrative case
reports at the end of this chapter.

Course and prognosis

The average survival from the first clear onset of symptoms is about 3 years, whether
patients are treated or not. Survival data from meny clinics are in general agreement,
and from the reported case series it is clear that neither the introduction of X-rays nor
changes in therapy over the past 30 years have led to any significant improvement in
average survival. A selection of relevant figures, each derived from a substantial group
of patients, with the average period of survival given in months, and the date of publica-
tion serving as a rough guide to the years in which each survey was made, illustrates this
point. Minot, Buckman and Isaacs (1924), 41 months (untreated seres); Hofiman and
Craver (1931), 40 months; Leavell (1938), 38 months; Wintrobe and Hasenbush (1939),
40 months; Krebs and Bichel (1947}, 42 months; Ledlie (1953), 36 months; Lawrence
(1954).’ 39 months; Scotf/(1957), 32 months. It is too early to decide whether the wide-
spread use of busulphan may alter the average survival, but present experience does not
suggest that any very great change will be brought about.

Despite the constancy of average-survival data, very wide individual variations in
survival occur. Tivey”(1954), from a statistical amalysis of longevity figures, calculated
that 22 per cent of patients with chronic leuk ia, either g } ic or lymphocytic,
would survive more than 5 yeats from the time of onset, 6 per cent would live more than
10 years, and 0-8 per cent more than 20 years. Prognosis in the individual case is therefore
most difficult, although young patients and those without gross physical signs at the time
the diagnosis is made may be expected to live longer than the average, while elderly
patients and those with marked spl ly, ia, and lymphad hy are likely
to run a shorter course. Fever appears to be an unfavourable indication, especially if it
persists during the early stages of treatment, and another ominous si

ign is the presence of
2 high proportion of myelabt and promyelocytes in the pesipheral blood,
The commonest termination of chronic locytic leuk is by a lastic

transformation, the blood picture coming to resemble that of acute myeloblasticieukaemia
with primitive cells predominating in the differential leucocyte count, and severe anaemia
and thrombocytopenia rapidly developing. When this phase is reached, further remission
can very rarely be achieved, although ionally 6-mercaptopurine or d leine have
been used with success, Even if remission can be induced, it is short-lived, and death may
be expected to occur within a few weeks of the acute transformation.
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reduced to below 10,000 cells per cu. mm. In practice, however, this ideal is difficult to
achieve. Although the response to busulphan may remain uniform for long periods, a
change in sensitivity to the drug may occur in either direction. If treatment is stopped,
the white cell count may continue to fall to an unpredictable and varying extent.

Recommendations for routine use of busulphan (Hayhoe and Kok, 1957). The
initial conservative dosage of 4 mgm. daily used by Galton and Till seems the most
advisable regimen for the treatment of chronic myeloid leukaemia on an outpatient basis
when blood counts and physical examination can be carried out at fortnightly to monthly
intervals. Treatment should be stopped temporarily when the leucocyte count has fallen
to between 10,000 and 20,000 per cu. mm., and recommenced at a Jower level when the
white cells have begun to increase. By this means a very gradual reduction to between
5,000 and 15,000 cells per cu. mm. may be effected with little risk of too severe a fall.
Higher-dosage busulphan therapy in the occasional resistant patient is probably best
carried out in hospital unless very frequent visits for blood counts can be made, since a
sudden rapid fall may occur even in an initially resistant patient.

The average sensitive patient presenting a high peripheral leucocyte count may be given
an initial dose of 10 mgm. a day when blood examinations at intervals of 2 to 3 days can
be undertaken. This may be done, for example, in cases where treatment is begun in
hospital. The busulphan should be stopped when the white count has fallen to about 25
per cent of the initial level, as recommended by Hyman and Gellhorn, unless the fall is very
precipitous, in which case the drug should be stopped when the count has been roughly
halved. When the leucocyte level has stopped falling, treatment may be started again
with smaller doses, and an attempt made to reduce the level cautiously to about 10,000
cells per cu. mm. The rate of fall of the leucocytes during treatment is logarithmic, and if
the total leucocyte count is plotted on a logarithmic scale a straight-line fall will usually be
found on a constant dosage of busulphan, The probable result of continued treatment fora
given period can therefore be roughly predicted by extrapolation on such a graph, and this
information is most helpful in the control of dosage (see Case Reports and Figs. 43-46).

When the early stages of therapy have brought about a satisfactory fall in leucocyte
count, improvement in haemoglobin level and in physical condition usually follows rapidly
and a decision must then be made about maintenance treatment. It is unwise to continue
giving busulphan, even in doses as low as 0-5 to 2 mgm. daily, to any patient whpse
leucocyte count is below 8,000 per cu. mm. When the white cell level has begun to rise,
and is between I0,000 and 20,000 per cu. mm., and even more so if it is higher, benefit is
likely to result from continued therapy. In general the aim should be to adjust dosage so
that the count is kept between 10,000 and 20,000 cells per cu. mm. Because of the change
in sensitivity which has already been mentioned, it is unsafe to leave a patient on treat-
ment without blood examination for more than 4 weeks.

The onset of purpura or a sharp fall in platelet level at any stage of treatment shgul.d
lead to prompt cessation of therapy, if .it appears likely that t.he thrombocytopenia is
drug-induced. If, however, haemonhag{c signs deyelop at a time when the_ leucocy.te
count is rising rapidly and the ]euk_aemlc process is escaping from control, increase in
busulphan dosage may be suceessful in restoring both the leucocyte and platelet l";l].lm:.ers

towards normal. Concurrent administration of prednisone may help to reduce the bleeding

tendency at these times.
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prednisone was started in o dosage of Yo mgm. daily. An antiglobulin test was negative,
Pyrexia and weight loss continued unchanged and busulphan was started once again when
the leucocyte level had reached 80,000 per ¢w mm, A further period of good control
ensued, with disappearance of fever and hepatospl ly, and i in weight, on
bined predni and busulphan, and 48 months after the first onset of symptoms

{42 months after treatment was started) the patient was still enjoying fair health.
This ease report illustrates a substantial period of control under busulphan therapy, and
particularly the relation between busulphan dosage and the leucocyte level, On the
logarithmic seale used in Fig. 43 it will be seen that continued even dosage of busulphan
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was usually 1ated with an approxi 1y straight-line fall in the leticoeyte numbers,

but it is noteworthy that alterations in sensitivity took place. Thus 2 mgm. daily of
busniphan was insufficient to prevent = vise in white cell count during the 13th and x5tk
months of treatment, whereas the same dosage produced a steady shaliow fall in the
leucocyte level from the 28th to the 26th months and a steep fall from the 37th to the
4oth months. The rate of fall during this fast period on 2 mgm. of busulphan daily was in
fact greater than that originally produced by twice the dosage.
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Since the duration of life is not prolonged by cither radiation or chemotherapy, the
treatments available for chronic grnulocytic leukaemia must still be regarded as highly
unsatisfactory. Nevertheless, there is much to be gained from their wse in terms of ine
ereased comfort and well-being during the remaining years of fife, Untreated, the disease
is nearly always in bly progressive, with disabling it lassi steady
weight loss and uncomfortable or even painful splenomegaly. Under treatment the patient
commonly regains his normal sense of health and well-being and {5 able to continue his
employment and enjoy his leisure for the greater part of his remaining Be-span. Whea
the final resistant state or myeloblastic transformation ensues, demise is not Jong delayed.
The treated patient has therefore exchonged some years of increasing discomfort and
Mness for 2 period, almost equally fong, of reasonably goad health, followed by a shart
terminal fllness. As in the case of acute Jenknemia, there exists always the hope that
continued active research may fead to the introduction of & new and more effective remedy
during the years in which any patient is being kept under contrel, and the fact that the
present methods of treatment are purely palliative and do not prolong the life-span lends
a sharp spur to research efforts in this direction.

Tihestrative Case Reports

Case No. y {Fig. 43). Male, aged 67, was first diagnosed as having chironic granalocytic
Jewkaemia in May 1955. He complained of steady loss of weight and increasing Jassitude
for the previous 6 months, the spleen 1ip was 1o cm, below the left costal margin, the
baemoglobin level was Y13 gm. per cent and the leucocyte count 200,000 per cu. mem.
There was no enfargement of liver or lymph glands, Treatment with busulphan, 4 mgm.
daily, produced n steady fall in the Jencocyte count, which followed roughly a straight line
when plotted logarithmically, The spleen became impalpable and the haemoglobin level
gradually rose, reaching 14 gm. per cent after 6 months’ treatment, The platelet count
also yose initially from 350,000 to 700,000 per cu. mm., but fell to 200,000 per cu. mm.
when the leucoeyte count was reduced to 8,500 per ca. mm., 7 months after treatment
was started. Busulphar was stopped at this stage, and during the next month the plate-
lets rose to 450,000 per cu. mm. while the lencocyte count continned to fail, reaching 6,000
per cu, mm.  Withont maintenance figatment the feucocytes increased in number rapidly
after this period of delayed busulphan effect, and 3 months after treatinent had been
stopped the lencocyte count was 100,000 per Cu. mm., the haemoglobin had fgllen to 12
gm. per cent and the spleen was again enlarged to & cm. befow the costal margin. Treat-
ment with busulphan was restarted and the subsequent fluctuations in hacmatological
progress can be seen in Fig. 43. A substantial period of satisfactory control !ol_lowed, ‘but
maintenance treatment was essential since the Jewcoryte count began to rise rapidly
whenever treatment was stopped. During this time a haemorrhoidectomy was performed
without untoward incident. Three years after the start of treatment there was an episode
of pyrexia, dysphoea, weight Joss, and moderate enlargement of both liver and spieen
without any obvious infection, and hospital xrfvastigatsons revealeq no cause other than
fenkacmia. The possibility that busulphan might iteelf be respensible for the fever was
as stopped for a month, and since the haemoglobin level was

j and the drug W f ;
zg;;ze::ﬁi there was o slight reticulocytosis suggesting a possible haemofytic element,
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prednisone was started in a dosage of 10 mgm, daily. An antiglobulin test was negative.
Pyrexia and weight loss continued unchanged and busulphan was started once again when
the leucocyte level had reached 80,000 per cu. mm. A further period of good control
ensued, with disappearance of fever and hepatosplenomegaly, and increase in weight, on
bined predni; and busulphan, and 48 months after the first onset of symptoms

(42 months after treatment was started) the patient was still enjoying fair health,
This case report illustrates a substantial period of eontrol under busulphan therapy,and
particularly the relation between busulphan dosage and the leucocyte level. On the
logarithmic scale used in Fig. 43 it will be seen that continued even dosage of busulphan
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was usually associated with an approxi straight-line fall in the I Y b

but it is noteworthy that alterations in sensitivity took place. Thus 2 mgm. daily of
busulphan was insufficient to prevent a rise in white cell count during the 13th and 15th
months of treatment, whereas the same dosage produced a steady shallow fall in the
leucacyte level from the 28th to the 36th months and a steep fall from the 37th to the
4oth months. The rate of fall during this last period on 2 mgm. of busulphan daily was in
fact greater than that originally produced by twice the dosage.



254 CHRONIC GRANULOCYTIC LEUKAEMIA: CLINICAL ASPECTS

Since the duration of life is not prolonged by either radiation or chemotherapy, the
treatments available for chronic granulocytic leukaemia must still be regarded as highly
unsatisfactory. Nevertheless, there is much to be gained from their use in terms of in-
creased comfort and well-being during the remaining years of life. Untreated, the disease
is nearly always inexorably progressive, with disabling anaemia and lassitude, steady
weight loss and uncomfortable or even painful splenomegaly. Under treatment the patient
commonly regains his normal sense of health and well-being and is able to continue his
employment and enjoy his leisure for the greater part of his remaining life-span. When
the final resistant state or myeloblastic transformation ensues, demise is not long delayed.
The treated patient has therefore exchanged some years of increasing discomfort and
illness for a period, almost equally long, of reasonably good health, followed by a short
terminal illness. As in the case of acute leukaemia, there exists always the hope that
continued active research may lead to the introduction of a new and more effective remedy
during the years in which any patient is being kept under control, and the fact that the
present methods of treatment are purely palliative and do not prolong the life-span lends
a sharp spur to research efforts in this direction.

Illustrative Case Reports

Case No. 7 (Fig. 43). Male, aged 67, was first diagnosed as having chronic granulocytic
leukaemia in May 1955. He complained of steady loss of weight and increasing lassitude
for the previous 6 months, the spleen tip was 10 cm. below the left costal margin, the
haemoglobin level was 11-3 gm. per cent and the leucocyte count 200,000 per cu. mm.
There was no enlargement of liver or lymph glands. Treatment with busulphan, 4 mgm.
daily, produced a steady fall in the leucocyte count, which followed roughly a straight line
when plotted logarithmically. The spleen became impalpable and the h lobin level
gradually rose, reaching 14 gm. per cent after 6 months’ treatment. The platelet count
also rose initially from 350,000 to 700,000 per cu. mm., but fell to 200,000 per cu. mm.
when the leucocyte count was reduced to 8,500 per cu. mm., 7 months after treatment
was started. Busulphan was stopped at this stage, and during the next month the plate-
lets rose to 450,000 per cu. mm. while the leucocyte count continued to fall, reaching 6,000
per cu. mm. Without maintenance treatment the leucocytes increased in number rapidly
after this period of delayed busulphan effect, and 3 months after treatment had been
stopped the leucocyte count was 100,000 per cu. mm., the haemoglobin had fa.llen to 12
gm. per cent and the spleen was again enlarged to 8 cm. below the costal margin. Treat-
ment with busulphan was restarted and the subsequent fluctuations in haematological
progress can be seen in Fig. 43. A substantial period of satisfactory control fol.lowed, ‘but

maintenance treatment was essential since the leucocyte count began to rise rapidly
whenever treatment was stopped. During this time a haemorrhoidectomy was perfO{med
without untoward incident. Three years after the start of treatment there. was an episode

of pyrexia, dyspnoea, weight loss, and modgrate gnla.rgement of both liver and spleen

without any obvious infection, and hospital xr.west'lgahons reveale(.i no cause other than

leukaemia. The possibility that busulphan might itself b‘e responsible for th.e fever was

considered and the drug was stopped for 2 ‘month, ar}d since the haemoglobin level was

falling and there was a slight reticulocytosis suggesting a possible haemolytic element,
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admitted to hospital and treatment started with busulphan 4 mgm. daily, and his condi-
tion had improved enough within 2 weeks to allow him to be discharged for subsequent
treatment as an outpatient. He has been satisfactorily controlled, remaining in good
health and at work, for over 2 years, and no untoward incidents have occurred during this
period, The haematological findings and the adjustments of busulphan dosage are shown
in Fig. 44, from which the prediction value of 2 graph having a logarithmic scale for the
leucocyte count can again be seen.

This case report illustrates a typical response to busulphan, with gradual reduction in
leucocyte count to the required level, and later attempts to establish a satisfactory main-
tenance dose. The majority of patients treated with busulphan respond in a similar way,
control being achieved without difficulty and maintained for a substantial period without
serious problems.
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Case No. g (Fig. 45). A woman aged 67 was admitted to hospital in January 1954 with
typical chronic granulocytic leukaemia. She had been increasingly unwell since April 1953,
with muscular pains in the legs, backache, lassitude, constipation, and abdominal swelling.
Her spleen extended across the midline and almost to the pelvic brim, and the liver enge
was palpable 5 cm. below the right costal margin. Examination of the peripheral blood
showed haemoglobin x0-8 gm. per 100 ml. and leucocytes 230,000 per cu. mm., with 46

per cent locyte p Platelets bered 300,000 per cu. mm. Treatment
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The continuation of maintenance treatment with 3 mgm. and later 2z mgm. daily
between the 18th and 24th months, when the leucocyte count was below 10,000 per cu.
ram., had no ill effects on this patient, but expericnce with other patients suggests that
such continuation was in fact unwise, since there is a definite risk of marrow aplasia being
produced (see Case No. g).

Case No. 8 (Fig. 44). Male, aged 50 years, was first dingnosed as having chronic granulo-
cytic leukacmia in December 1956. His presenting symptoms were lancinating pains in
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the left shoulder, followed by pain in the left subcostal region during respiration, and he
was found to have signs of splenic infarction and a sm:\l! assocxath left bas;}l effusion.
At the same time venous thrombosis led to sudden and painful testicular swelling. There
was moderate enlargement of both liver and spleen, but no palpable lymphadenopathy.
A blood count revealed the haemoglobin level to be 11-4 gm. per centr thc. platelgts

0,000 per cu, mnt. and the lencocyte count 299,000 per cu. mm. with a typical differential
3 i namely, 33 per cent scgmented neutrophils, 18 per cent stab cells, 2o per cent
P locytes’ 13 per cent myelocytes, 9 per cent promyelocytes, 2+5 per cent myelo-
Ib:;z;??);eper cer;t eosinophils, 2«5 per cent basophils, 1 per cent lymphocytes. He was
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admiticd to hospital and tr t started with busulphan 4 mgm, daily, and his condi-
tion had improved enough within 2 weeks to allow him to be discharged for subsequent
treatment as an outpaticnt. ke has been satisfactorily centrolied, remaining in good
health and at work, for over 2 years, and no untoward incidents have occurred dunnﬂ this
pcnod ‘The haematological findings and the adjustments of busulphan desage are shown
in Fig. 44, from which the prediction value of a graph having a logarithmic scale Jor the
leucecyte count can again be seen.

This case report illustrates a typical responsc to busulphan, with gradual reduction in
leucacyte count to the required level, and later attempts to establish a satisfactory main-
tenance dose. The majority of patients treated with busulphan respond in a similar way,
control being achieved without difficulty ond maintained for a substantial period without
serious problems.
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Casz No. g (Fig. 45). A woman aged 67 was admitted to hospital in January 1954 with
typical chronic granulocyhc leukaemm She had been mcreasmgly unwell smce Apni 1953,
with muscular pains in the legs, b: and abdominal swelling.
Her spleen extended across the mldlme and almost to the pelvu: brim, and the liver edge
was palpable § cm. below the right costal margin. Examination of the peripheral blood
showed haemoglobin 10-8 gm. per 100 ml. and leucocytes 230,000 per cu. mm., with 46
per cent locyte p Platelets bered 300,000 per eu. mm. Treatment
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was started with x gm. of urethane three times a day, and was continued for 2 months
before it had to be stopped because of increasingly severe nausea. During this time the
leucocyte count fell to 40,000 per cu. mm. and the haemoglobin level rose to I3 gm. per
100 ml. The spleen had become smaller and the general clinical state was much improved,
During the next 6 months a gradual deterioration in the blood count took place, but the
patient felt well and was symptom-free. Bone and muscle pains then began to recur, and
both the splenic size and the peripheral-blood picture had reverted to the pretreatment
position. Therapy was started again, this time with mercaptopurine (100 mgm. daily),
Response to mercaptopurine was rapid, but lasted only a few weeks after the drug had
been stopped, and several short courses of treatment were therefore given during the
succeeding 10 months.

Because of the fluctuating haematological findings, and the unstable clinical course on
mercaptopurine therapy, treatment with busulphan was started on July 14th, 1955, in 2
dosage of 4 mgm. daily. The response was very good, with a steady rise in haemoglobin
and fall in leucocyte count, and a reduction in spleen and liver size, so that after 104 days
the haemoglobin had reached 13-4 gm. per 100 ml., the leucocytes numbered 8,200 per cu.
mm,, with no granulocyte precursors present, platelets were 200,000 per cu. mm., and
neither liver nor spleen could be felt. At this stage the dosage of busulphan was reduced
to z mgm. daily.

One month later the leucocyte count had fallen to 3,750 per cu. mm., while the haemo-
globin had dropped to 11-2 gm. per 100 ml and platelets had decreased sharply to about
10,000 per ct. mm, There were no specific complaints or fresh physical signs, and, in
particular, no sore throat or purpura. Busulphan was stopped but pancytopenia became
increasingly severe, and 4 weeks later, on December 23td, there were scattered petechiae
and well-marked bruises on the limbs, and the blood count showed haemoglobin 6 gm. per
100 ml., leucocytes 1,600 per cu. mm., and platelets fewer than xo,000 per cu. mm, The
patient was admitted to hospital and treated with transfusions of fresh blood and courses
of cortisone, corticotrophin, and prednisone. For a period of 4 months there was no sign
of returning haemopoietic activity, the haemoglobin level fluctuating in accordance with
transfusions, the white cells varying between 350 and 3,000 per cu. mm., with relatively
few polymorphs, and the platelets remaining fewer than 10,000 per cu. mm.

The first clear evidence of commencing recovery appeared on May 3rd, 1956, when the
expected fall in haemoglobin level during the week after a transfusion did not take place
and reticulocytes rose to 2-g per cent. The reticulocytosis persisted between 3 and 7 per
cent for the next 2 months, and during this time the blood findings all showed clear
improvement. Steroid therapy was stopped on June 5th and subsequent progress was
uninterrupted. A very full clinical and haematological remission ensueq, with hfgh
haemoglobin and platelet levels and a leucocyte count that remained stable in the region
of 4,000 per cu. mm. for some 8 months and then rose very slowly, reaching 10,000 after

16 months and 100,000 after 24 months, By this time the haemoglobin level had begun
to fall once more and busulphan was again administered. The patient still responded to
the drug and the condition was again controlled. .

This case illustrates successively the proble'm of nausea cgmp.hc.atmg urethane treat-
ment, and preventing its continuanC§, the du_’ﬁculty of maintaining s}able control py
intermittent courses of 6-mercaptopurine, the risk of medullary aplasia if treatment with
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busulphan, even in low dosage, is continued after the Ieucocy'te count has'fallen below
10,000 per cu. mm., the use of high-dosage steroid therapy dqnng an apIast{c phase, and
the very prolonged remission following recovery from a drug-induced aplastic state. The
patient was still surviving nearly 6 years after the first onset of symptoms.

Cast: No. 10 (Fig. 46). Female, aged 23 years, was first seen in August 1955, with a com-

plaint of easy bruising, noticeable during the p jous 6 weeks. E. fon r
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scattered ecchymoses but no petechiae, the spleen was palpable, extending To cm. below
the left costal margin, but neither the liver nor the superficial lymph glands were enlarged.
A blood count showed the characteristic picture of chronic granulocytic leukaemia, with
haemoglobin 10-2 gm. per cent, platelets 260,000 per cu. mm. {despite the haemorrhagic
tendency), and lencocytes 250,000 per cu. mm. with 60 per cent granulocyte precursors.
Treatment was started with busulphan 4 mgm. daily, and the subsequent progress can be
seen from Fig. 46. After nearly 2 years of satisfactory control, a recurrence of bruising
with multiple skin petechiae, a subconjunctival haemorrhage, and bleeding from the oral
mucosa, took place, this time assaciated with a sharp fall in the platelet count. The
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thrombocytopenia might have been due to busulphan therapy, but it developed at a stage
when the leucocyte count was rising between 20,000 and 100,000 per cu. mm., and might
therefore more probably be a result of leukaemic cell proliferation. The second possible
cause appeared still more likely when 2 months without busulphan did not lead to any
improvement, but rather deterioration in the platelet level and haemorrhagic state.
Busulphan was therefore restarted, in combination with predni; to ize capillary
leakage, and a further satisfactory clinical remission took place, accompanied by a rise in
haemoglobin, 2 fall in leucocyte count and some improvement in platelet level. After 10
months, bruising again appeared, and busulphan was once again stopped, treatment being
continued with prednisone alone for 6 weeks, The haemorrhagic state deteriorated during
this period, but control was once more achieved with busulphan alone.

This case illustrates the occasional haemorrhagic onset of chronic granulocyticleukaemia,
the achievement of control under busulphan treatment, and the difficult problem of
thrombocytopenic bleeding developing during the course of treatment. Whereas in Case
No. g such bleeding was undoubtedly part of a generalized bone-marrow aplasia, in the
present case it was associated with a rising leucocyte count, and must therefore have been
due either to a selective thrombocytopenogenic effect of busulphan, or to leukaemic
proliferation with secondary thrombocytopenia, unrelated to therapy except in so far as
therapy was inadequate to control the proliferation. Responses to further courses of
busulphan, given despite the thrombocytopenia, suggest that the second explanation holds
in this case.
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thrombocytopenia might have been due to busulphan therapy, but it developed at a stage
when the leucocyte count was rising between 20,000 and 100,000 per cu. mm., and might
therefore more probably be a result of leukaemic cell proliferation. The second possible
cause appeared still more likely when 2 months without busulphan did not lead to any
improvement, but rather deterioration in the platelet level and haemorrhagic state.
Busulphan was therefore restarted, in combination with prednisone to minimize capillary
leakage, and a further satisfactory clinical remission took place, accompanied by a rise in
haemoglobin, a fall in Jencocyte count and some improvement in platelet level. After 10
months, bruising again appeared, and busulphan was once again stopped, treatment being
continued with prednisone alone for 6 weeks. The haemorrhagic state deteriorated during
this period, but control was once more achieved with busulphan alone.

This case illustrates the occasional haemorrhagic onset of chronic granulocyticleukaemia,
the achievement of control under busulphan treatment, and the difficult problem of
thrombocytopenic bleeding developing during the course of treatment. Whereas in Case
No. g such bleeding was undoubtedly part of a generalized bone-marrow aplasia, in the
present case it was associated with a rising leucocyte count, and must therefore have been
due either to a selective thrombocytopenogenic effect of busulphan, or to leukaemic
proliferation with secondary thrombocytopenia, unrelated to therapy except in so far as
therapy was inadequate to control the proliferation. Responses to further courses of
busulphan, given despite the thrombocytopenia, suggest that the second explanation holds
in this case.
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CHAPTER 14
CHRONIC LYMPHOCYTIC LEUKAEMIA: CLINICAL ASPECTS

Curovic lymphocytic leukaemia is more varied than the chronic granulocytic form both
in its modes of presentation and in its etinical course. The findings in the peripheral blood
and bone marrow are readily diagnostic in most cases, however, since they reveal a great
increase in the numbers of mature lymphocytes. Just as, in a small proportion of cases
with chronic ytic leuk fa, confusion may exist with non-leukaemic myelo-
proliferative states, so, in the chronic lymphocytic discase, atypical or borderline forms
may be difficult to differentiate from non-leukaemic proliferative disorders of Iymphocytic
tissues, especially lymphosarcoma and to a lesser extent Hodgkin's disease, lymphoid
follicular reticulosis and other lymphomatous states. Indeed, there is wadoubtedly an
ill-defined borderland zone between typical chronic lymphocytic leukaemia and the more
common forms of malignant lymph-gland tumours, in which neither the haematological
and pathological findings nor the clinical features enable a certain aliocation to be made
to one group or the other. The relation of lymphocytic leukaemia fo these “lympho-
proliferative” states is discussed in Chapter 16, and we shall be concerned for the present
with the clinical aspects of nnequivoeal chronic lymphocytic lenkaemia.

The rising incidence of this variety of luekaemia with increasing age and the preponder-
ance of males among those affected have already been described in Chapter 3. The disease
is rare before middle age but becomes the c form of leukaemia in the elderly,

Modes of onset

“The onset is even more insidious than that of chronic granulocytic leukaemia, and chanee
discovery of the disease as a result of routine blood examination during the investigations
of some apparently unrelated disorder is quite common (Hougic, 1956). Scott (1957}
reported that 23-2 per cent of 212 patients with chronic lymphoeytic leukaemia had been
first diagnosed in this way, although other signs of the disease were often to be found at
this stage when carefully sought. Of the patients whose symptoms first draw attention
to the possibility that they may be suffering from lymphocytic Jeukaemia, most cqmp!ax'n
of enlargement of the lymph glands, especially those in the neck. In Scott's series this
was the presenting symptom in 42-§ per cent; other prese{xting symptoms in order of
frequency were lassitude (in 24-5 per cent), loss of weight (151 9 per cer}f). symptoms of
anaemia {in g per cent), skin lesions (in 7 per cent), abdominal pain (in 6-6 pr cent),
angina {in 57 per cent), spontancous haemorrhages (in 5-2 per cent), consciousness of an
abdominal tumour {in 47 per centy and ankle oedema (in 38 per cen't),

Repeated minor infections are 2 common feature o{ the d(seas:e, both in the early stages,
when they may lead to the discovery of the qukaemm blood picture, anq thmughqut the
whole coutse. Reference has been made earlier {p. 2&_)1) ta (hc. defective capacxt).' {for
antibody formation and the decrease in gamma-globulins sometimes shown by patients
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with chronic lymphocytic leukaemia, and the recurrent infections are presumably attri-
butable to this defect in resistance, Septic lesions of the skin, upper respiratory tract
infections, and urinary infections are especially common. . )

The physical signs found at the first examination are less uniform than in granulocytic
leukaemia, but over 70 per cent of patients have generalized moderate enlargement of the
lymph nodes, usually with palpable but not gross spl ly and hepatomegaly. Pallor
is not often conspicuous. A considerable minority of patients, between 10 and zo per cent,
show a close resemblance to the typical clinical picture of granulocytic leukaemia, having
massive enlargement of the spleen, a moderate degree of hep ly, and slight or
absent superficial lymphadenopathy (Plate XXVII, Fig. 4). Occasionally the enlargement
of lymph glands may be localized, affecting a single node or group of nodes and clinically
resembling Hodgkin’s disease or lymphosarcoma. Rarely purpura and haemorrhagic signs
or leukaemic skin infiltrations may be present without other physical signs of the disease.
When the leukaemic blood picture is discovered by chance during the investigation of
infection or other disease states, there may be no abnormal physical signs directly
attributable to leukaemia.

System involvement and correlated pathology

Lymph glands. Generalized enlargement of lymph glands is a prominent and early
feature of chronic lymphocytic leukaemia (Plate XXVII, Figs. 1 and 2). Huge gland
masses are uncommon, and the enlarged nodes tend to remain discrete, so that the usual
finding is of lymph nodes from I to 5 cm. in diameter, palpable in iderabl bers in
all accessible sites. The glands are firm and painless. Those in the cervical chains are most
often noticed by the patient, but axillary and inguinal lymphadenopathy is usually found
on examination and mesenteric nodes may be felt. Enlargement of mediastmal glands
can often be detected by radiography and is sometimes the cause of respiratory or venous
obstruction, or other pressure effects. Comparable hypertrophy of lymphocytic tissues
elsewhere in the body occurs, and enlargement of the tonsils and adenoids may be con-
spicuous. The intestinal Peyer’s patches are commonly found at autopsy to be much
swollen, and rarely polypoid masses of lymphocytic tissue may project into the lumen of
the gut.

‘When sectioned, the lymph glands present a homogeneous greyish surface with little
sign of haemorrhage or mecrosis. Histologically, the normal architecture of the gland
cannot be discerned, the follicular pattern being replaced by a diffuse even sheet of Jeuk-
aemic lymphocytes. The capsule remains intact, without malignant invasion, and the
predominating cells are uniform mature lymphocytes which do not show the variability
in cell size and the frequent mitotic figures seen in the more anaplastic forms of lympho-
sarcoma. Microscopic areas of necrosis or haemorrhage are uncommon. While the typical
appearances are clearly distinguishable from those of a highly malignant lymphosarcoma,
in a considerable proportion of cases there exists sufficient lack of cellalar uniformity and
sufficient tendency to capsular invasion to make the differential diagnosis difficult or
impossible on the glandular histology alone (Gall and Mallory, 1942).

The Mikulicz syndrome of bilaterally symmetrical painless swelling of the salivary and
lachrymal glands may occur as a result of lymphocytic infiltration, and although uncom-

mon, this lication has long been d (Rowe, 1930; Hird, 1949). The lachrymal




CHAPTER 4
GHRONIC LYMPHOCYTIGC LEUKAEMIA: CLINICAL ASPECTS

Caironig Yymphocytic leukaemia is more varied than the chronic granulocytic form both
in jts modes of presentation and in its clinical course. The findings in the peripheral blood
and bone marrow are readily diagnostic in most cases, however, since they reveal a great
increase in the numbers of mature lymphocytes. Just as, in a small proportion of cases
with chronic granulocytic leukaemia, confusion may exist with non-leukaemic myelo-
praliferative states, $0, in the chronic lymphocytic disease, atypical or bordesline forns
may be difficolt to differentiate from non-leukaemic proliferative disorders of lymphocytic
tissues, especially Iymphosarcoma and to a lesser extent Hodgkin's disease, lymphoid
follicular reticulosis and other lymphomatous states. Indeed, there is undoubtedly an
ill-defined borderland zone between typical chronic lymphocytic leukaemia and the more
common forms of malignant lyraph-gland tumours, in which neither the haematological
and pathological findings nor the clinical features enable a certain allocation to be made
to one group or the other. The relation of Jymphocytic leukaemia to these “lympho-
profiferative ” states is discussed in Chapter 16, and we shalil be concerned for the present
with the clinical aspects of unequivocal chronic ymphocytic lenkaemia.

The rising incidence of this variety of luekaemia with increasing age and the preponder-
ance of males among those affected have already been described in Chapter 3. The disease
is rare before middle age but becomes the t form of Jeu} ia in the elderly.

Modes of onset

The onset is even more insidious than that of chronic granulocytic leukaemia, and chance
discavery of the disease as a result of routine blood examination during the investigations
of some apparently unrelated disorder js guite common (Hougie, 1956). Scott (1057)
reported that 13-z per cent of 212 patients with chronic fymphocytic Jenkaemia had been
first diagnosed in this way, although other signs of the disease were often to be found at
this stage when carefully sought. Of the patients whose symptoms first draw attentiqn
to the possibility that they may be suffering from lymphocytic leukaemia, most cqmpla\p
of enlargement of the lymph glands, especially these in the neck. In Scntt‘s. series this
was the presenting symptom in 42-5 per cent; other presenting symptoms in order of
frequency were lassitude {in 24-5 per cent), Yoss of weight (i? 9 per cc{:z), symptoms of
anaemia (in g per cent), skin lesions {in 7 per cent), abdominal pain (in §-6 per cent),
angina {in 5-7 per cent}, spontaneous haemarrhages (in 5°2 per cent), conscioustiess of an
abdominal tumour {in 4-7 per cent} and ankle gedema (m' 3+8 per cen't).

Repeated minor infections are 4 common feature of the discase, both in the early stages,
when they may lead to the discovery of the leukaemic blood picture, and ihroughc?ut the
whole course. Reference has been m:_\de exrlier {p. 'z'gx) to thg defective capacity for
antibody formation and the decrease in g glob shown by p
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with chronic lymphocytic leukaemia, and the recurrent infections are presumably attri-
butable to this defect in resistance. Septic lesions of the skin, upper respiratory tract
jnfections, and urinary infections are especially common.

The physical signs found at the first examination are less uniform than in granulocytic
Jeukaemia, but over 70 per cent of patients have generalized moderate enlargement of the
1ymph nodes, usually with palpable but net gross sp) ly and hepa ly. Pallor
is not often conspicuous. A considerable minority of patients, between 10 and 20 per cent,
show 2 close resemblance to the typical clinical picture of granulocytic leukaemia, having
massive enfargement of the spleen, a derate degree of hep ly, and slight or
absent superficial lymphadenopathy (Plate XXVII, Fig. 4). Occasionally the enlargement
of lymph glands may be localized, affecting a single node or group of nodes and clinically
resembling Hodgkin's disease or lymphosarcoma. Rarely purpura and haemorrhagic signs
or Jeukaemic skin infiltrations may be present without other physical signs of the disease.
When the leukaemic blood picture is discovered by chance during the investigation of
infection or other discasc states, there may be no abnormal physical signs directly
attributable to leukaemia,

System involvement and correlated pathology

Lymph glands. Generalized enlargement of lymph glands is a prominent and early
feature of chronic Jymphocytic lenkaemia (Plate XXVII, Figs. 1 and 2). Huge gland
masses are uncommon, and the enlarged nodes tend to remain discrete, so that the usual
finding is of lymph nodes from 1 to § ¢m. in di , palpable in iderabl bers in
all aceessible sites. The glands are firm and painless. Those in the cervical chains are most
often noticed by the patient, but axillary and inguinal lymphadenopathy is usually found
on examination and mesenteric nodes may be felt. Enlargement of mediastinal glands
can often be d 1 by radi hy and is i the cause of respiratory or venous
obstruction, or other pressure effects. Comparable hypertrophy of lymphocytic tissues
elsewhere in the body occurs, and enlargement of the tonsils and adenoids may be con-
spicuons. The intestinal Peyer’s patches are commonly found at auntopsy to be much
swollen, and rarely polypoid masses of lymphocytic tissue may project into the lumen of
the gut.

When sectioned, the Iymph glands present a homogeneous greyish surface with Little
sign of haemorthage or necrosis. Histologically, the normal architecture of the gland
cannot be discerned, the follicular pattern being replaced by a diffuse even sheet of leuk-
aemic lymphocytes, The capsule remains intact, without malignant invasion, and the
predeminating cells are uniform mature lymphocytes which do not show the variability
in cell size and the frequent mitatic figures seen in the more anaplastic forms of lympho-
sarcoma. Microscopic areas of necrosis or haemorrhage are uncommon. While the typical
2 are clearly distinguishable from those of a highly malignant lymphosarcoma,
in a considerable proportion of cases there exists sufficient lack of cellular uniformity and
§uﬁicient tendency to capsular invasion to make the differential diagnosis difficult or
impossible on the glandular histology alone (Gall and Mallory, 1g42).

The Mikulicz syndrome of bilaterally symmetrical painless swelling of the salivary and
lachrymal glands may occur as a result of lymphocytic infiltration, and although uncom-
mon, thi ication has long been ized (Rowe, 1930; Hird, 1949). The Iachrymal
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gland enlargement tends to produce raised intra-orbital pressure and proptosis, while
involvement of the salivary glands may lead to dryness of the mouth and sometimes to
auditory defects,

Spleen. Splenomegaly is slight or moderate in most cases of chronic lymphocytic
leukaemia, but, as we have already seen, gross enlargement comparable to that usually
found in granulocytic leukaemia is present in rather less than a fifth of all patients.
Infarction, subcapsular haemorrhage and perisplenitis are frequent complications when
the splenic enlargement extends to the umbilicus or below, but seldom occur with minor
degrees of splenomegaly. The appearance of the spleen at autopsy has no definitive
characteristics. The general shape is preserved and the consistency unremarkable.
Microscopy reveals replacement of the normal splenic pattern of Malpighian bodies, pulp
and sinuses by a homogeneous lymphocytic infiltrate, made up of mature cells, with little
capsular invasion. So uniform is the cellular infiltration that material aspirated by splenic
puncture during life is composed almost entirely of lymphocytes (Moeschlin, 1951), and if
the percentage of lymphocytes in a splenic smear from an undiagnosed patient is less than
90, chronic lymphocytic leukaemia is unlikely to be present. The majority of the cells are
small mature lymphocytes, but varying numbers of prolymphocytic forms, having the
cytological characteristics of similar cells in the blood and bone marrow, are also to be
seen.

The liver. Hepatic enlargement is moderate or occasionally gross, and at post-mortem
examination the organ appears pale with often a macroscopically visible infiltrate of
greyish-white tissue. Histological sections reveal dense accumulations of lymphocytes in
the portal tract regions, with a less conspicuous infiltrate along the hepatic sinusoids
(Plate XXVII, Figs. 5, 6 and 7). Larger nodules of lenkaemic cells are sometimes found,
and these, or glandular masses in the porta hepatis, may obstruct the free flow of bile and
lead to jaundice. Ascites may develop in the terminal stages, probably as a result of
several factors, including decreased serum proteins and raised portal venous pressure
secondary to extensive hepatic involvement.

The skin. Cutaneous manifestations are common in chronic lymphocytic leukaemia.
Epstein and MacEachern (1937) found skin lesions of one variety or another in 466 per
cent of patients with the disease, some having more than one type of lesion at the same
time. They regarded 83 per cent as having specific skin infiltration with leukaemic cells,
the remainder having non-specific associated phenomena such as purpura and ecchymoses
(25 per cent), pruritis (3:3 per cent) and, less commonly, macular, maculo-papular,
pustular or vesicular rashes, or herpes zoster. The specific skin lesions do not conform to
a regular pattern, but may be localized, chiefly to the face, or generalized over most of the
body surface (Plate XXVII, Fig. 3). They vary from a barely dlscernablfz localized
reddish thickening of the skin to gross generalized exfoliative erythro'de;mla, and an

enormous range of papular, nodular, macular and haemorrhagic leukaemic infiltrates has

rted.
be?[‘r;léerl:;;jority of specific skin lesions in chronic lymphocytic leukaemia probably arise
as “cutaneous metastases”’, which proliferate independently once formed {Gates, x938).
Certainly, the skin infiltrations usually develop after.the generalized changes of Ieu}(aemla
have become well established. In a small proportion of cases, h;v_w;eyer. t:i% Iikltr}lmrtaslk
appears before the leukaemia has become manifest elsewhere, and it is pos
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some of these cases the disease may originate from the lymphocytic and reticulo-endo-
thelial elements of the skin and subsequently spread to involve secondarily the lymph
glands, spleen, marrow and bleod,

A rare but supposedly ch istic thickening and distortion of the nose, eyebrows
and ears, with the production of gross facial disfigurement, has been observed several
times to precede the development of leukaemic changes in the blood (Sweitzer, 1916;
Butler, 1920), Another variety of skin rash sometimes preceding the onset of frank lym-
phocytic leukaemia and usually pursuing a mild and chronic course for several years is
generalized lenkaemic erythrodermia or “leukaemia cutis universalis”. In this condition
the entire skin is reddened and thickened (" homme rouge ") with accentuation of the skin
folds, and usually little desquamation. Occasionally atrophic changes may develop and
marked desquamation may accompany loss of body hair. During the course of the disease
the lymph glands and spleen become enl: d and specifically leuk ic changes are
found in the peripheral blood and bone marrow. Cases were described by Sequeira and
Panton {1921, 1925) and subsequently by various authors (MacCormac and Whitby, 1937;
Holten, 1952). The rash may begin anywhere on the body but spreads gradually until it
has become universal. There is commonly severe pruritis. The peripheral leucocyte count
has not usually been greatly raised even in fully developed cases, ranging generally be-
tween 8,000 and 30,000 per cu. mm , but some 60 to go per cent of the cells are mature
Iymphocytes. Skin sections show extensive infiltration of the dermis with small lympho-

cytes and and macropl At post-mortem ination the
internal organs show changes cl istic of lymphocytic leul i
Herpes zoster occurs much more ly in chronic lymphocytic lauk ia than can

be explained by chance association. Scott (1957) found herpes zoster present at the
beginning of the 1llness in 7 of 212 patients, and duning the course of their disease probably
at least 5 per cent of patients develop herpes. In many of these cases the skin lesions start
in the form of a localized vesicular rash in the cutaneous area of distribution of a cranial
or spinal nerve, but later become generalized, with a disseminated varicelliform eruption.
Wile and Holman (1940) collected 34 examples of such generalized dissemination, and
further reports have confirmed the existence of a tendency for herpes zoster to spread in
leukaemic patients (Barton and O’'Leary, 1945; Rodnan and Rake, 1956). The generalized
rash usually appears within a week of the initial herpetic lesions, rapidly reaches maximum
intensity and fades before the primary rash. Neither the high incidence of the primary
herpes zoster lesions, nor the tendency to dissemination observed in patients with chronic
lymphocytic leukaemia has been adequately lained, Craver and H: (1932)
suggested that leukaemic infiltration of afferent portions of the reflex arc might predispose
to infection, but this possibility remains unproven. As to the generalized spread of the
vesicular rash, this occurs so rapidly as to suggest a haematogenous rather than a neuro-
trophic method of dissemination (Feyrter, 1954; Rodnan and Rake, 1956), and spread
may be faciti d by the i logical impairment existing in lymphocytic leukaemia.
‘When the skin lesions have eventually healed, there may be residual loss of sensation in
the area, or, more commonly, severe and intractable post-herpetic neuralgia, which may
persist throughout the whole remaining course of the leukaemia.

Bones and joints. Skeletal lesions gross enough to give rise to clear localizing symp-

toms or to radiological changes are far less common in the chronic than in the acute
s




266 CHRONIC LYMPHROCYTIC LEUKAEMIA! CLINICAL ASPECTS

leukaemias. Nevertheless, Craver and Copeland (2935) found radiological bone changes
in 7 per cent of 86 patients with chronic lymphocytic leukaemia, and some, though not
all, of the affected patients had local pain, tenderness or swelling. As Scott {1957) has
pointed out, the most characteristic skeletal lesion in chronic lymphocytic leukaemia s
diffuse decalcification with progressive osteoporosis, affecting most conspicuously the
lower dorsal and lumbar regions of the vertebral column. Vertebral collapse may develop
and compression of the spinal cord with paraplegic symptoms and signs sometimes oceurs.
Osteoporotic changes may be seen also in radiographs of the pelvis, long bones and skull,
but pathological fractures invalving these bones are rare. Localized areas of bone destruc-
tion due to circumscribed nodules of leukaemic tissue may rarely be seen, and subperiosteal
new bone formation is sometimes observed. The generally high age incidence of the
tymphocytic form of leukaemia is such that reactive bone responses to infilteation are
sfight and degenerative changes predominate.

Pathologically, the active proliferation and infiltxation of leukaemic lymphoceytes within
the bone marrow of all parts of the skeleton leads to erosions and breakdown ef the bony
trabeculae in the spongy zones, from which marrow can be scooped out at autopsy with
no difficulty. At the same time expansion of the marrow cavity occurs, as in other types
of leukaemia, at the expense of the cortical layer, which appears obviously thinned and
porotic,

Specific lesions of the joints with involvement of synovial membranes are uncommon,
burt juxta-articular bony lfesions with extensive destruction and deformity and secondary
arthritic changes have, rarely, been observed.

1t remains uncertain whether the widespread use of corticosteroids in chronic Iympho-

eytic leukaemia may lead toan § in skeletal porosis and pathological fractures
as a result of steroid demineralizing activity. The lymphocytolytic actions of the cortico~
ids may, te for any demineratizing effect by reducing lymphocytic

s , comp
infiltration, and the nett result of their use may be a reduction in ostecporosis.

Centrat nervous system. Histological examination of material obtained post morfem
shows the presence of haemorrhagic or infiltrative lesions in the nervous system in ma§t
cases of chronic lymphocytic leuk in, Ref e has already been made to paraplegic
or other spinal cord syndromes resulting fram vertebral collapse, Serious logical
disorders may arise from haemorrhages into the cerebrum, brain-stem or elsewhere, con-
sequent upon thrombocytopenia, especially in the terminal stages of the illness, Apart
from these somewhat indirect neurclogical effects of leukaemia, involvement of the nervous
system Is rarely important clinically. Occasionally paralysis of cranlal nerves may be seen,
the 7th and 6th nerves being most often affected, while a wide range of neurological
phenomena, from meningism and coma to regional paraesthesiae or Par:cxlyses, has be_en
recorded. In this respect there appears little difference between the varieties of leukaemia,
neurclogical disorders due to divect infiltration of . the central nerveus system being
relatively infrequent in all of them (Schwab and Weiss, 1935).

Eyes and ears. Retinal changes, with venous engorgement, haemorrhages and exud-

y ikingly § ic than in chronic granulo~
ates, occur much less commonly and strikingly in lymphocytic 1 chre c
cytic lenkaemia or the acute feu} ias, but such ch may o ly be sten in
terminal thrombocytopenic phases of the disease. Nodular collections of leukaemic cells

in the cornes, iris or sclera are more cormon than in other forms of leukaemia, although
s
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still quite rare, They may lead to pain in the eye and disturbance of vision and have
sometimes been the first indication of disease (Wintrobe and Mitchell, 1940). Infiltration
of the middle of inner ear, or of the Sth nerve, causing Méniére's syndrome or deafness, has
been reported infrequently. Attention has earlier been drawn to possible ocular and aural
symptoms associated with infiltration of the lachrymal and parotid glands, when Mikulicz’s
syndrome develops. All these infiltrative lesions affecting the eyes and ears are uncommon.
Heemarthagic lesions in these sites, apart from occasional retinal haemorrhages, are
equally rare except in the terminal stages when bleeding into the vitreous, conjunctiva,
or auditory apparatus may occur as part of a lized dary tt bocytopenic
purpura,

Gastr 1 system. Symp attributable to infiltration or leukaemic nodule
formation in the alimentary tract are seldom encountered, although minor disturbances
of appetite and bowel habits are common enough as in most serious systemic diseases. In
the later stages of chronic lymphocytic leukaemia haemorrhage may occur from the gastro-
intestinal tract, and gastric or duodenal ulceration is sometimes found at autopsy (Case
No. 14). Terminal thrombocytopenia probably initiates bleeding from mucosal erosions
or ulcers. Very rarely massive infiltration of parts of the alimentary canal has been
observed, with widespread thickening of the mucosa and submucosa from extensive
infiltration with lymphocytes. The hypertrophied inner layers of the gut are then thrown
into exaggerated folds and ions, and ped lated lymph polyps may
be found {Rigler, 1936; Pearson, Stasney and Pizzolato, x943). Gross invasion of this sort
is quite uncommon in patients with the usual blood picture and clinical findings of lympho-
cytic lenkaemia, but a number of examples of “pseudoleukaemia gastro-intestinalis”,
in which extensive lymphocytic infiltration and hypertrophy of the gut has been found in
the absence of typically leukaemic changes elsewhere, have been reported (Boikan, 1931;
Mead, 1933).

Although macroscopic evidence of infiltration is not often conspicuous at post-mortem
examination, an occasional polypoid nodule is to be seen not uncommonly in the stomach,
large intestine, rectum, or less frequently in the small intestine. Histologically, infiltrating
leukaemic lymphocytes are almost invariably present in the mucosal and submucosal
layers throughout the gut.

Gentto-urinary system. The chief genito-urinary complications of chronie lympho-
cytic leukaemia are inflammatory or haemorrhagic ones. The pronounced susceptibility
to infections shown by patients with this form of leukaemia leads to the frequent occur-
rence of cystitis or pyelitis, often due to Escherichia coli, and generally responding satis-
factorily to sulphonamides or appropriate antibiotics. When thrombocytopenia develops,
bleeding from either the renal tract or the female genital tract commonly occurs, Haema-
turia may occur in the absence of infection or thrombocytopenia as a result of severe
infiltration and congestion of the kidneys, or as a consequence of tubular obstruction and
damage from uric acid deposits derived from ively rapid breakd of J yies
unde_r aggressive radiotherapy or chemotherapy. Infiltration of the kidneys, prostate,
ovaries and uterus tends to be more marked in lymphocytic than in the other varieties

of leukaemia, and these organs are often macroscopically pale and swollen at autopsy.
The age in?idence of chronic lymphocytic leukaema is such that a proportion of male
patients might be expected to suffer from benign hypertrophy of the prostate, and
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leukaemic infiltration probably exacerbates any existing tendency to urinary obstruction,
For this reason a uraemic termination of the disease may take place. Attempts to relieve
urinary obstruction by prostatectomy at a late stage are rarely successful, the combined
rigks of post-operative wnfection and haemorthage being very great, but the operation
may be safely performed in the early stages of the illness when the platelet count s stit
high and immanological resistance to infections has not yet been severely depressed.

Uraemia may also develop in cither sex as a result of gross infiltration of the kidneys

with lenkaemic tissue or with amyloid deposits. Scott {1957) reported the occurrence of a
nephrotic syndrome in two patients with lymphocytic levkaemia. Both showed high
levels of gamma-globulins in the serum and had heavy albuminuria, and developed pro-
gressive oedema and renal failure. In one case antopsy revealed amylojd deposits in the
kidneys, liver and myecardium, and in the other marked renal infittration with lympho-
cytes. Examination of the peripheral blood and bone marrow showed the changes of
chronic Iymphocytic leukaemia, with small mature cells predominating, and in neither
case was there any cytological evidence of my is or pl ell Jenkaemi

Respiratory system. Falconer and Leonard (1938) found significant pulmonary or
mediastinal involvement in about 30 per cent of patients with chronic lymphocytic leuk-
aemia, and certainly at feast a third of all patients develop symptoms attributable to
enlarged medtastinal lymph nodes or to pubnonary or plearal infiltration with consolida-
tion or pleural effusion. Huge mediastinal gland masses leading to acute respiratory ob-
struction are seldomencountered, but the bronchial obstruction often resulting fromsmaller
masses is frequently complicated by added infection with broncho-pneumonic changes, and
while these may respond to antibiotics they sometimes prove terminal. Patterns of miliary
infiltration of the lung parenchyma or of multiple leukasmic nodules have occasionally
been reported, but such widespread pulmonary involvement is very unusual (Herold
and Michel, 1940; Scott, 1957). Equally rare is leuksemic infiltration of the larynx,

Apart from enlargement of lymph nodes and infective or haemorrhagic changes in the
respiratory tract, post-mottem examination usually reveals signs of pleural and pulmonary
filtration, if not macroscopically, at least when histological sections are studied. The
frequent finding of serous pleural effusions is evidence of the tendency for leukaemic cells
to invade the pleura, especially in the hater stages of the disease.

Cardiovascular system. Anaemia developing during the courss of chronic lympho-
cytic leukaernm in elderly patients with some degree of pre-existing coronary atheroma
readily precipitates attacks of angina g is, and this bation of myocardial
ischemia is sometimes the presenting sympty ‘When iz and are severe,
cardiac failure, with dyspnoea, venous engorgement and peripheral ?ederna, may de\ieiop.

Specifically leukaemic invelvernent of the cardiovascular system is ra‘rely 50 Pmn_'xment
as to cause symptoms or signs during life, although some areas q{ lx}ﬁlt{ahon in the
myocardium can be found almost invariably when histological examination is cartied out
post mortem, Perivardial infiltration is not common, but an increase in pericardial fluid

may be present.

Findings in the blood and bone marrow {Plate XXVI) ) )
Fhe blood. The appearance of the peripheral-blood smear in chgomc Iymphocytic
Jenkaemia is usually quite diagnostic. The leucocytes are increased in numbers, often




PLATE XXVI
CYTOLOGY AND CYTOCHEMISTRY OF CHRONIC LYMPHOCYTIC
LCUKAEMIA
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diagnosed. At this stage the red cells appear normochromic and nomocytic, but as the
lenkaemia progresses, hypochromia and anisocylosis develop and the haemoglobin falls,
The nature of the anaemia bas been discussed in Chapter 1, where it has been made clear
that either latent or overt haemolysis, often with auto-immune sensitization of the red
cells and a positive anti-glabulin test, is frequently present in chronic lymphoeytic
levkaemia. When this is the case, macracytosis, anisocytosis and sometimes spherpeytosis
may be seen, the serum bilirubin is slightly raised, and reticulocytosis develops, with
polychromasia in Remanewsky-stained blood films. The haemolytic syndrome usually
develops slowly and the marrow tetains sufficient regenerative capacity to hold the
haeroglebin level between 8 and 12 g, per cent, but much more active haemolysts, quite
beyond the compensatory teserve of the marrow, sometimes occurs, feading to rapid and
drastic reduction of the red cells and haemoglobin to dangerous fevels.

Thrombocytopenia is not prominent throughout the greater patt of the conrse in most
cases of chronic lymphocytic leukaemia, although it commonly develops terminally,
usually as part of an aplastic syndrome of marrow failure, with accompanying failure of
red cell production. In a small proportion of cases, however, thrombocytopenia may be
present during the earlier stages of the disease, sumetimes in association with a frankly
haemolytic anaemis, and it is tempting to speculate that the reduction in platelet numbers
in the circumstances may be due to the action of platelet auto-antibodies comparable to
the red cell anto-antibodies responsible for haemaolysis. The ible

of p

mecrhanisms in the genesis of anaemia and thrombocytopenia in chronic lymphocytic
leukaemia is especially important since effective treatment for these complications is
available in the corticosteroid hormones.

The bone marrow, Smears of aspirated bone marrow frequently show a marked
increase in the relative proportion of lymphocytes, which make up from 30 to 8o per cent
of all the nucleated marrow celis. The cytological characters of the infiltrating lympho-
cytes are similar 1o those seen in the peripheral bood, and features of immaturity are not
more conspicuons in the marrow. Occasionally there may be only slight increase, or none
at all, in the proportion of matrow lymphorytes in an aspirated sample, even when the
clinical findings and those in the peripheral blood wre diagnostic, It seems probable that,
it many cases, ymphacytic proliferation may not extend to involve the martew ge‘ner.ally
o uniformly for some time after the disease has developed in primarily lymphocytic sites.
Very much less commanly extensive lymphocytic infiltration of the bone marrow may be
found when the lymph glands and spiten arenot entarged and the pedipheral-blood changes
not clearly diagnostic (Storti, xa7). While in such exceptional cases sternal pancture it 2
valuable diagnostic procedure, it s unnecessary in the vast majority of cases, where the
physical signs and peripheral-blood findings leave the diagnosis in no doubt.

A fairly sommon vanant of the usual predominantly Jymphocytic pattern of IATTOW
cytology is that seen in cases having a strong el.ement of haemolysis gue 10 auto-antibedy
activity, Here, erythroblastic proliferation, with macronormoblastic cytology, develops
alongside the leukaemic lymphocytopoiesis, producing a mixed pattern of lymphaeytic
and erythroblastic increase, When haemelysis is controlied by corticosteroid therapy,
erythropofetic activity recedes and lymphocytes predominate alone once 3n}§>re, . o

Megakaryocytes are usually to be found in normal numbers and with unimpaire

thromborytopoietic activity throughout most of the course of the disease. When thrombo-
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greatly, and the vast majority of them are clearly members of the lymphocyte series.
Total leucocyte counts at the time of initial examination, before treatment has been
started, generally range between 20,000 and 200,000 per cu. mm,, but higher or lower
¢ounts oceur in a substantial minority of patients, Very high counts, between 500,000
and a millien per cu, mm., are quite exceptional, but figures below 10,000 per cu. mm.
are met with in about one patient in ten. Whatever the total figure, the differential count
reveals an overwhelming prep ance of Iymphoeytes, which constitute from 8o to g9
per cent of ali nucleated cells present. The cytologicat characters of the fymphocytes vary
considerably from case to case and it is very unusual to find an entirely uniform pattern
even in a single blood-smear. Most often small lymphocytes, with a densely staimng
pachychromatic nucleus and = narrow rim of pale-blue cytoplasm, not differing greatly
from mormal small fymphocytes in reaction to panoptic stains, are dominant, but the
miechanical fragility of many of these cells is increased and “smear cells” are usually
present, often in large numbers, especiaily in the tail and at the edges of the film. A variable
percentage of the lymphocytes show “ prolymphocytic” features, with a larger, more
leptochromatic, nucleus and a greater amount of cytoplasm, which may contain vacuoles
or sznrophil granules and has sametimes an i d basophilia. Lymphob with a
Iarge primitive, nucleolated nucleus and a small amouat of basophultc cytoplasm are rarely
seen at any stage of the disease, except 1n very small numbers, and a terminal Iympho-
blastic phase, parallel to the myeloblastic reversion of chrome granulocytic leukaema, is
quite uncommon. Close eytological study of the lymphocytes in chronic lymphecytic
Jeukaemia reveals, as we have seen earlier {Chapter 5), no distinctively leukaemuc features
in individual cells. While small lymphocytes, intarmingled with ional cells having
prolymphozytic features, and d by a derable proportion of disrupted
smear cells, provide the common penpheral-blood leucocyte picture, occasionally large
fymphocytes, not unlike those occurnng in normal blood, though often with indented
irregular nuclei, and rather filmy and indefinite cytoplasmic outlines, may predominate,
There appears to be little relationship between the clinical course to be expected in any
case of the disease and the cytological pattem of the peripheral blood, whether predomin-
antly large or smali cell, mature or less mature.

Cytochemically, notable features are the increased content of giycogen in lenkaemic
Iymphocytes and the normal or high fevel of alkaline phosphatase activity in the poly-
morphonuclear cefls {see Chapter 5).

Anaemia tends fo ocour Jater m the disease than in granulocytic kukaemia and the
majority of patients have haemoglobin levels above 10 gm. per cent when they are first

PLATE XXVii
GHRONIC LYMPHOCYTIG LEUKAEMIA

Clinteal and Histological Features

{ and 2. Cerwical and axillary lymphadenopathy and enfaspement of th s
chimeal exarmunation im a pm{nt with chronic Xympho:;tgxc len):a:miae spleen at the time of st
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b ond 7 Patters of b () ntly portal, in chronic Iymphocytie lewkaemia.
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biapsy reveals lymphocytic hyperplasia without the malignant features of lympho-
sarcoma ar the histological pattern of Hodgkin’s disease or other non-leukaemic reticu-
losis. These uncomimon cases are sometimes referred fo as “lymphocytic iymphoma with-
aut leukaemia®, but they usually develop ch istically leuk ic blood changes in
the course of time and the diagnosis becomes clear retrospectively, When glandular
enlargement precedes the development of leukaemic changes in the peripheral blood, and
especially when a single group of glands is primarily affected, the differentiation between
lymphosarcora and chronic lymphocytic leuk ta may be impossible. There fs, indeed,
no sharp distinction between these two diseases, which, theugh different enough in their
typical manifestations, share a common and ill-defined border zane clinically and patho-
Jogically. Di ion of the interrelationships of these and other members of the lympho-

proliferative group of diseases will be found in Chapter 16.

Treatment

Many cases of chrenic Iymphocytic leukaemia, particularly in elderly patients but also
in some younger ones, pursue a remarkably benign and pratracted course. These are often
patients in whom the blood abnormality is discovered incidentally during the course of
some minor illness or infection, and as far as the leukaemia is concerned they may remain
free from symptoms for many years. In these circumstances no treatment is required until
progress of the disease produces definite disability. Whereas, in chronic granulocytic
leukaemia, symptoms are severe enough from the time of first diagnosis 1o demand treat-
ment in nearly every case, and active therapy shonld always be instituted at once, there
is need for a careful decision, whether to start treatment or not, when chronic lymphocytic
lenkaemia is diagnosed. The best general guide is in the patient’s symptomatic complaints.
1f he feels well, has not been losing weight, can work normally and eats and sleeps well,
there is nothing to be gained from early treatment even if the blood picture shows a bigh
iymphocytosis, and minor degrees of lymphadenopathy and hepatespl 1y can be
detected. Without treatment, such patients often lead normal lives for periods of 2 to 10
years before increasing enlargement of Iymph glands, liver and spleen, accompanied oi_tan
by progressive anzemia, lassitude, weight loss and heightened susceptibility to infection,
makes active therapy advisable. YWhen sympt attributable to leuk ja are present
from the time of first medical examination, treatment should not be delayed.

Radiotherapy for long remained the chief form of treatment in chronic fymphocytic
Teukaemia after its introduction half a century ago. It is certainly effective in reducing
the size of lymph-gland tmasses, and radiation is commonly directed against the groups of
glands showing most prominent enlargement or giving rise to pressure symptoms. The
radiosensitivity of gland masses varies rather widely,_ and successive doses of 50 {0 100 T
may be given at intervals of 2 to 3 days }xntil a satisfactory effect is achieved. A totel
Jose of 1,000 ¢ usually proves enaugh to give resalution of any single mass of glands, but
the general clinical state, the haemoglobin lgwlzl, and the lymp%zocyte count in the peri-
pheral blood are rarely much affected. Irradiation of other localized Jesions, such as areas
of bone erosion with vertebral collapse, provides znvexcellent local Tesponse in many cases,
again withouat altering the gener'a] .featurcs of the dxg,ease, The peripheral Jencocyte count
may be reduced by splenic irradiation, and therapy is :?mmonlgzr directed against l.mth t:e

spleen and the enlarged glands, but the g .. ect ;jvsometxmes frustrating, since the

¥
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eytopenia develops in the peripheral blood, ane of two opposite plotures is to be found in
smarrow aspirates. In the first and more common, oconrring chiefly in the later stages of
the disease, very few megakaryocytes can be seen, The thrombocytopenia is an " amega-
karyocytic' ane, usually part of 2 mote general medullary hypoplasia with p g
faiture of erythropoiesis and granulopoiesis. In the second marrow pattern, ‘t}}erc are
normal numbess of megakaryocytes, but defective platelet formation, as in idiopathic
ibrombocytopenic purpura. Sucha® karyoeytic” thrombocytopenia is perhaps due
to aute-immune mechanisms and may co-exist with haemolytic anaemia,

When examined pos? morfem, the marrow thraughout the skeleten generally bl
that in chronic g ic lenkaemia as far as pic app are coricernted,
with replacernent of both normal red marrow and inactive fatty marrow by greyish-red
hyperplastic tissue. Thinning of the cortical bone and irregutar destruction of trabeculae
are also seen. Sections reveal a comparable picture o that seen in aspirates, with a great
preponderance of densely packed mature lymphocytes, smaller numbers of prolympho-
cytic cells, and separated clumps of normal hacmopoietic tissue. Rarely, when death has
oecurred from intercurtent infection ar some other cause in the relatively early stages of
disease development, bone-marrow involvement may be slight, the pafterns of both

ma Pic marrow app and microscopic differential cytology being compara-
tively normal,
Diffi { from leukaemic states

The clinjeal and haematological picture of chronic Iymphoceytic lewkaemia is sufficiently
typical in most cases for problems of differsntial diagnosis rarely to arise. The discovery

of lymphadenopathy, perhaps associated with hepatospl L at y phy~
sical examination, raises many possibilities, dncluding tuberculosis, Hodgkin's disease,
{follicular lymph iymph and reticul aswell as leuk of various

kinds. The tendency for the glands in tuberculosis to be soft or finctuant and to become
attached to the skin, for those of Hodgkin's disease and follicular lymphoma to belong
initially to one or two groups only and to remain fim and discrete, and for those of the
sarcomas to invade locally, forming large masses, helps the initial clinical differentiation,
but, if feukaemia is present, doubts are usuakly set rapidly at rest by examination of the
peripheral blood, since substantial lymphocytosis is to be found in few non-leukaemic
states. Other disorders in which peripheral Iymphocytosis may reach levels over 20,000
per cu. mm. include glandular fever, pertussis and infectious lymphocytosis (Smith, 1943}
Al these conditions occur chiefly in children or young adults and are rare among the older
age.groups where chronic Iymphocytic Jeukaemsa has its greatest incidence. Glandular
fever may be further differentiated by the cytology of its characteristic lymphomono-
suclear cells and by the Panl-Bunnell sheep's cell agglutination test; pertussis by its
clinical pictute, since the only t between whooping-cough and lymphoeytic
leukaemia Yies in the Jymphocytic blood changes; and infectious lymphocytosis by its
feverish onset, fation with gastro-intestinal infection, and benign conrse with early
recovery. These disorders enter more {oto the differential diagnosis of blood flms than of
the complete disease pictuze.

. More difficult problems arise when there is enlargement of lymph glands, spleen and
diver, but no convineing evidence of lewkaemia in the blood or bone marrow, and gland
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biopsy reveals lymphocytic hyperplasia without the malignant features of lympho-
sarcoma or the histological pattern of Hodgkin's disease or other non-leukaemic reticu-
losis, These uncommon cases are sometimes referred to as “lymphocytic lymphoma with-
out leukaemia”, but they usually develop characteristically leukaemic blood changes in
the course of time and the diagnosis becomes clear retrospectively, When glandular
enlargement precedes the development of leukaemic changes in the peripheral blood, and
especially when a single group of glands is primarily affected, the differentiation between
lymphosarcoma and chronic lymphocytic leuk ia may be impossible. There is, indeed,
no sharp distinction between these two diseases, which, though different enough in their
typical manifestations, share a common and ill-defined border zone clinically and patho-
logically. Discussion of the interrelationships of these and other members of the lympho-
proliferative group of diseases will be found in Chapter 16.

‘Treatment

Many cases of chronic lymphocytic leukaemia, particularly in elderly patients but also
in some younger ones, pursue a remarkably benign and protracted course. These are often
patients in whom the blood abnormality is discovered incidentally during the course of
some minor illness or infection, and as far as the leukaemia is concerned they may remain
free from symptoms for many years. In these circumstances no treatment is required until
progress of the disease produces definite disability. Whereas, in chronic granulocytic
leukaemia, symptoms are severe enough from the time of first diagnosis to demand treat-
ment in nearly every case, and active therapy should always be instituted at once, there
is need for a careful decision, whether to start treatment or not, when chronic lymphocytic
leukaemia is diagnosed. The best general guide is in the patient's symptomatic complaints.
1f he feels well, has not been losing weight, can work normally and eats and sleeps well,
there is nothing to be gained from early treatment even if the blood picture shows a high
lymphocytosis, and minor degrees of lymphadenopathy and hepatospl ly can be
detected. Without treatment, such patients often lead normal lives for periods of 2 to 10
years before increasing enlargement of lymph glands, liver and spleen, accompanied of.ten
by progressive anaerma, lassitude, weight loss and heightened susceptibility to infection,
makes active therapy advisable. When symptoms attributable to leukaemia are present
from the time of first medical examination, treatment should not be delayed.

Radiotherapy for long remained the chief form of treatment in chronic lymphocytic
Jeukaemia after its introduction half a century ago. It is certainly effective in reducing
the size of lymph-gland masses, and radiation is commonly directed against the groups of
glands showing most prominent enlargement or giving rise to pressure symptoms. The
radiosensitivity of gland masses varies rather widely, and successive doses of 50 to 100 T
may be given at intervals of 2 to 3 days until a satisfactory effect is achieved. A total
dose of 1,000 r usually proves enough to give resolution of any single mass of glands, bu_t
the general clinical state, the haemoglobin level, and the lymphocyte count in the peri-
pheral blood are rarely much affected. Irradiation of other localized lesions, such as areas
of bone erosion with vertebral collapse, provides an 'excellent local response in many cases,
again without altering the gener}ll features of the disease. The pez:lpheral leucocyte count

duced by splenic irradiation, and therapy is commonly directed against both the

gel‘ge:e;:d the enlarged glands, but the general effect is sometimes frustrating, since the
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Iymph glands and spleen decrease in size and the lymphocyte count falls but th.e haemo-
globin fails to rise and the patient’s general state of hca}th i not greatly: 1mpruve.d
{Leavell, 1038; Scott, 1949). A more satisfactory result, with improvement in anaemia
and clinical condition as well as reduction in lymphadenopathy, occurs in .about 50 per
cent of patients after their first course of deep X-ray. Responses last variable periods,
but further treatment is usually necessary within a year, and second and subsequent
courses become decreasingly effective. Radioactive phosphorus may be used in treatment,
with the ad and disad g pared with X-rays that have previously been
mentioned (Chapter g}, but, as in the case of chronic granu}ocyt.ic leukaemia, c'hemo-
therapy offers a more acceptable alternative to X-rays and radmfxchve phqsphorus is now
very seldom used for the routine management of patients with chronic lymphocytic
leukaemia. N

Among the chemotherapeutic substances useful for the control of lymphocytic leuk-
aemia the alkylating agents are by far the most effective, while corticotrophin or cortico-
steroids have a special contribution to make in certain cases with haemolytic and thrombo-
cytopenic complications. Reference has been made in Chapter 10 to the range of available
alkylating agents, and to eatlier drugs such as arsenic and urethane, which were formerly
used in the treatment of chronic leukaemias. Their modes of action, dosages and toxic
effects were discussed. Both arsenic and urethane were shown to be unreliable and
attended by seriously disadvantageous side-actions. Of the more effective alkylating
agents, those which have found a place in the routine chemotherapy of chronic lympho-
cytic leukaemia during the past 10 years are the nitrogen mustards, trethylene melamine,
and chlorambucil, and since the last of these was introduced, its comparative ease of
handling and freedom from side-effects have made it unquestionably the chemothera-
peutic agent of choice. Very satisfactory results have been claimed from the use of either
nitrogen mustards or triethylene melamine by those thoroughly familiar with their
patentialities and toxic effects, but the variability in individual sensitivity always makes
dose calculation difficult. Moreover, the nitrogen mustards frequently cause distressing
nausea and vomiting and have the further disadvantage of requiring careful intravenous
injection, while tri lamine is rather irregular and unpredictable in its action
and likely to produce serious thrombocytopenia and perhaps marrow aplasia in certain
very sensitive patients even when used in orthodox dosage.

Chlorambucil has little tendency to induce nausea or other unpleasant side-effects,
and its action can be brought to bear in a more gradual and effectively controlled manner
than is possible with the previous agents. The risks of aplasia are therefore greatly
reduced.

In the ical of chronic lymphocytic 1 when p
requiring treatment develop, the most appropriate method is chemotherapy with chlor-
ambucil, the dosage being adjusted to reduce the leucocyte count gradually to between
10,000 and 20,000 per cu. mm. and to maintain it in this region by intermittent courses
or low-dosage maintenance therapy. When this is done, most patients show a parallel

] in clinical dition, with decrease in size of lymph glands, spleen and liver,
and sometimes, though rather less often, a rise in haemogiobin level, Radiotherapy has
no ad\{antage over chlorambucil for general treatment, but may conveniently be applied
to achieve rapid resolution of localized glandular masses causing pressure symptoms, or




274 CHRONIC LYMPHOCYTIC LEUKAEMIA: CLINICAL ASPECTS

to arrest focal bone erosion. It is wise to avoid the combined use of chlorambucil and
radiotherapy unless the latter is being given in very small doses, since there is an increased
risk of medullary aplasia when the two cytotoxic effects summate.

‘When anaemia persists after control of the leucocyte count and reduction in lymph-
adenopathy and hepatosplenomegaly have been brought about by chlorambucil or radia~
tion, a trial of prednisone in low dosage (5 to 20 mgm. daily) is always worth while, even
if there is no clear evidence of overt haemolysis and the antiglobulin test is negative. In
the majority of patients some improvement in haemoglobin level ensues, and in many,
especially those with frank auto-immune haemolytic anaemia, the improvement is remark-
able. The continued use of corticosteroids in patients with chronic lymphocytic leukaemia
has disadvantages in view of the great susceptibility to infections shown by many of them,
and it is therefore wise to reduce the prednisone dosage to a minimum compatible with
satisfactory maintenance of haemoglobin level. Indeed, in some cases treatment can be
stopped entirely for long periods without recurrence of anaemia (Case No.1z). A further
indication for trial of prednisone is the development of thrombocytopenia, whether alone
or as part of an aplastic phase. In the former case there is more likelihood of satisfactory
response, but even in marrow aplasia corticosteroids may help to stimulate remewed
haemopoiesis and assist recovery.

As in all other forms of leukaemia, striking and prolonged remission sometimes follows
chemotherapy so aggressive as to induce partial marrow failure (Case No. 13). The
deliberate use of doses large enough to cause aplasia is not, of course, justifiable, since
one cannot guarantee to induce a reversible as distinct from an irreversible aplasia, but
the experience of occasional accidental overdosage in unusually sensitive patients
emphasizes the potential value of aggressive therapy if it could be pushed to the margin
of aplasia and no further, or if transplantation techniques could ensure recovery.

Illustrations of the use of different therapeutic agents in the control of various phases
of chronic lymphocytic leukaemia are given in the case-histories at the end of this chapter.
It is not possible to make any simple recommendation for the routine dosage adjustments
when chlorambucil is used, since there is so much varation in sensitivity of different
patients and circamstances so often call for added corticosteroid therapy or deep X-ray
treatment to local lesions. As suggested in Chapter 10, an initial dosage of about 0-1 mgm.
per kg. body weight is customarily used, and clinical and haematological examinations
carried out at intervals of 1 to 2 weeks, the dosage being varied to achieve a progressive
improvement in leucocyte count and physical state. Too rapid a fall in lymphocytes is to
be avoided, since urinary obstruction may occur with very rapid breakdown of cells and
excessive excretion of uric acid, as has been described earlier when the treatment of
chronic granulocytic leukaemia with busulphan was discussed. Clﬂor.'?m.bucil,.a‘gain like

busulphan and other cytotoxic agents, continues to reduce haemopoietic activity for a
weck or two after oral administration has been stopped, and allowance _fnr some Fontn_ma-
tion of the fall in leucocyte level must be made when deciding that the time for discontinu-
has come.
an%:ff(r:::er:cgy of repeated courses or the need for maintf:nance therapy must _be
assessed in each individual case according to the rate at which relapse occurs. foie
variability occurs in this regarq, ’much more s0 thanA in chronic gmnulocyt;c.leltxll:aemx:?.
Some patients show signs of clinical relapse and a rising lymphocyte count in the peri-
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pheral blood within 2 or 3 weeks of finishing an apparently effective course of treatment,
whereas others remain in substantial remission for months or even years.

In view of their tendency to develop infections, patients with chronic lymphocytic
leukaemia must be warned to seek medical advice early if symptoms develop, especially
in the respiratory or urinary tracts. Appropriate treatment with antibiotics or other
means can then be instituted as soon as possible and protracted infection avoided.

Course and prognosis. The variability in individual longevity after diagnosis in
chronic lymphocytic lenkaemia is even greater than that in chronic granulocytic leukaemia.
Many patients, in whom the disease has been discovered incidentally before onset of
leukaemic symptoms, continue for several years before symptoms appear, whereas others,
whose disease is widespread and fulminating when they are first examined, may die within
weeks or months. There is less unanimity, too, about average survival data, partly because
of discrepancies in different case series over the inclusion of patients with lymphosarcoma
and ““leukaemic"” blood changes. Minot and Isaacs (1924) reported mean survival from
onset to be 40 months in 30 untreated patients and 42 months in 50 treated by X-rays.
Over 30 years later, despite all advances in treatment, Scott (1957) found the average
survival of 118 patients to be 36-7 months. It is clear, therefore, that treatment has not
increased the duration of life in this disease. Rather greater average survival figures, from
4 to 5 years or more, have been reported from some centres where cases of possible
“lymphosarcoma cell leukaemia ™ have been carefully excluded (Lawrence, 1954; Sturgis,
1955)-

Apart from difficulties of classification, the value of average survival data is rendered
still smaller by the impossibility of determining, even within a wide span of months, the
date of onset of the disease. Symptoms arise so insidiously that patients can often not
recall when they first began to fee} unwell, although it is common for symptoms to have
been present certainly for more than a year before diagnosis is made (Wintrobe and
Hasenbush, 193g). Very probably, bloed ination would reveal changes in the average
patient at least 2 or 3 years before the onset of symptoms, and possibly much longer, to
judge from experience with cases discovered by chance.

While the mean survival from the time of first clear onset of symptoms is between 3
and 5 years, the prognosis in an individual patient may diverge very widely from the
mean. Survival periods of 8 years or more after diagnosis are quite common, and occa-
sional examples of survival over 20 years have been reported, the longest being one of 29
years (Marlow and Bartlett, 1953). Since chronic lymphocytic leukaemia affects prin-
cipally elderly patients, a proportion of them may be expected to die from causes other
than leuk fa, such as cardi r disease or i and a further proportion
succumb to infections, such as broncho-pneumonia, to which there may exist a predisposi-
tion arising from the defective immune response in this form of leukaemia. Longer than
average survivals are to be expected in patients with minimal physical signs and only
moderately elevated leucocyte counts at the time of diagnosis, whereas those with florid
;:l‘:mcal pictures and high leucocyte counts are likely to deteriorate more rapidly than the

erage, .

. '_Ihe course of chronic Iymphocytic 1 once ck t p have d
is inexorably .dowjnhill. In the early stages deterioration tends to be slow and treatment
is often effective in controlling and perhaps temporarily reversing it, but after a variable

1
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period progressive and intractable anaemia, not responding to treatment with either anti-
leukaemic drugs or corticosteroids, develops, usually accompanied by 2 haemorrhagic
state and often by severe infection of the respiratory tract or elsewhere, and death soon
follows. An increase in cells with lymphoblastic features in the peripheral blood may
sometimes occur in the late stages of the disease, but this is not 2 common or characteristic
finding and 2 frankly lymphoblastic termination comparable to the myeloblastic termina-
tion often seen in chronic granulocytic leukaemia is extremely rare.

What has been said earlier about the value of treatment in chronic granulocytic leuk-
aemia applies largely to the treatment of chronic Iymphocytic leukaemia as well, Here
again, no definite prolongation of life can be offered, but the comfort, well-being and
useful activity of the patient during the remaining years of his life after disabling symp-
toms first appear are very much improved by appropriate therapy. Moreover, here too
there is always hope that a more effective remedy may be discovered during the period
of temporary control afforded by currently available agents.

Illustrative Case Reports

Caskt No. 11 (Fig. 47). Female, aged 48 years, was admitted to hospital in July 1949 for
-investigation and treatment of menorrhagia and prolapse. Blood counts revealed the
expected iron-deficiency anaemia, with haemoglobin level 7 gm. per cent and mean
corpuscular haemoglobin concentration 26 per cent, but, unexpectedly, the peripheral-
blood leucocyte pattern of chromic lymphocytic leukaemia was also found to be present,
with 40,000 leucocytes per cu. mm., predomi ty small lymphocytes but with occasional
prolymphocytic features. There were no physical signs suggestive of leukaemia, and in
particular the lymph glands, liver and spleen were not palpably enlarged, but a sternal
marrow examination showed 36 per cent of the nucleated cells to be Iymphocytes, Treat-
ment with oral iron was started when the gynaecological disorder had been corrected
surgically and an excellent response was achieved. Since the leukaemic state was causing
no symptoms, treatment directed against the leukaemia was not given. Blood counts and
routine physical examinations were performed at intervals over the next 8 years without
disclosing any evidence of deterioration, although the leucocyte level in the peripheral
blood remained between 20,000 and 40,000 per cu. mm. The haemoglobin level fell
gradually during the second and third years to 11 gm. per cent, but rose again slowly to
14 gm. per cent after a further prolonged course of oral iron. Eight years aiter the dlz}g-
nosis was first made, there was an onset of pain and weakness in the leg musc_]e_s, wx_th
marked paraesthesiae in the feet and legs. There were signs o_f peripheral neuritis, with
loss of ankle jerks and defects of scnsation, and bilateral papilloedema was also found.
Lumbar puncture revealed an excess of lymphocytes in the cere_bro-spmal fluid and an
increase of protein, while the Queckenstedt test showed 2 slow rise and fall of pressure.
The Wassermann reaction was negative and the Lange c9lloxda! gold curve normal, It
was thought possible that the dissemim_x(cd neurological signs might be due to scattered
infiltration of the meninges by leukaemic cells, and a course of chlorambucil, in a dosage
{6 . daily, was given fora period of 2 months. The leucocyte count fell during this
by ﬂflgr; 60,000 to 14,000 per cu. mm., the papilloederna slowly cleared, npd power and
::::atzgn ret‘umed in the legs. Vitamin B, supplements were then also given, and the
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leucocyte count was maintained between 10,000 and 25,000 per cu. mm. l.)y‘ intermlt't?nt
courses of chlorambucil, z mgm. daily, during the next 18 months. The clinical condition
remains satisfactory, with only slight residual symptoms in the legs. At no stage through-
out the 10 years of clinical observation has this patient shown palpable enlargement of
lymph glands, liver or spleen. X . .
This case report illustrates the unexpected discovery of chronic lymphocytic leuk_aemxa
in a patient investigated because of an apparently unrelated condition and having no
physical signs attributable to leukaemia. The case also typifies the prolonged bemg'n
course, without need for treatment, followed for several years by many patients with this
disease. A very unusual neurological complication, with papilloedema and peripheral
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neuritis, bly due to d i d ingeal infiltrates, responded satisfactorily

to chemotherapy with chlorambucil.

CasE No. 12 (Fig. 48). Male, aged 45 years, first sought medical advice in February 1956
because of enlargement of lymph glands in the neck. Examination revealed gross lymph-
adenopathy at all palpable sites, the gland masses measunng up to 1o cm. in diameter,
while the spleen extended 10 em. below the umbilicus and the liver edge was felt 8 cm.
below the right costal margin. Peripheral blood counts showed the leucocytes to number
between 70,000 and 80,000 per cu. mm., most of them being lymphocytes, and a sternal
marrow aspirate and lymph-gland biopsy cenfirmed the diagnosis of chromic lymphocytic
Jeukaemia. A course of radiotherapy to the cervical and axillary glands reduced their size
and brought the leucocyte count down rather rapidly to 9,400 per cu. mm., and there was
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a short clinical remission during which the haemoglobin level, which had been falling
steadily before and during treatment, rose a little, and the hepato-splenomegaly also’
diminished. In less than 3 months, however, relapse took place and treatment with
chlorambucil was therefore started, initially in a dosage of 8 mgm. daily, reduced after a
week to 6 mgm. daily. The leucocyte count gradually fell, reaching 9,000 per cu. mm,
after 5 weeks, and treatment was then stopped. Unfortunately the haemoglobin fell
during this time to 6 gm. per cent, the platelet count also fell, and the physical signs
showed only moderate improvement. A transfusion of 4 pints of blood was given and
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chlorambucil, 6 mgm. daily, was restarted 3 weeks later when the leucocyte count again
began to rise. Although the anaemia was not clearly haen.wlytic, thex:e being no icterus
and the reticulocytes numbering less than 2 per cent, a tn_al of prednisone was t!xaug{nt
worthwhile to combat anaemia and thromchytopenia._ This drug was'there!ore given in
combination with chlorambucil, the dosage initially being 50 mgm. daily. A spe_ctacular
followed, with the development of a remarkably complete chmc‘:l.l and
remission, and after To weeks' combined therapy the haemoglobin had
isen to I4+2 gm. per cent, and the platelets to 350,000 per cu. mm., the leucocyte count
Tad fallen to 4,000 per cu. mm. and the only abnormal physical findings were a few small
l}:zgaabl:nglan‘ss. Chlorambucil was stopped at this stage and the prednisone gradually

improvemer_\t
haematological
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i ission W inta ly 2 years before
tailed off over the next 3 months. Full remission was maintained f.or nearly 2 y o
recurrent lymphadenopathy and enlargement of liver and spleen, with falling haemoglobin,
necessitated fresh treatment. X i o

This case-history illustrates a florid disease picture at the time of first examination, a
temporary and partial period of control brought about by md_lo)thempy to the enlfu'g_ed
gland masses, a reduction in leucocyte count X by gene Tem
achieved by chlorambucil, and a remarkable improvement induced by a cox{xbmatxon of
prednisone and chlorambucil. The severe anaemia and thrombocytopenia did not recur
for 2 years after all treatment had been stopped.

Case No. 13 {Fig. 49). Male, nged 61 years, was admitted to hospital in May 1951 with
‘a complaint of increasingly severe cough with profuse sputum and breathlessness in the
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previous 3months. Hehad lost 201b. in weight in the past year and had recently developed
angina of effort. Examination revealed mod ; of the spleen (4 cm. below
the left costal margin) and of the liver (6 cm. below the right costal margin), and large
soft mobile glands were felt in the neck, axillae and groins. The peripheral-blood count
showed a picture diagnostic of chronic lymph ic leuk ia, with haen bin 14-2
gm. per cent, and lencocytes 190,000 per cu. mm., the majority being small lymphocytes.
There were many smear cells present. The platelets numbered 200,000 per cu. mm. A
sternal marrow aspirate revealed a very marked lymphocytic infiltration, with 8o per cent
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Iymphocytes and 3-5 per cent lymphoblasts. In addition to the leukaemia, he was found
to have right basal bronchiectasis and coronary atheroma, and treatment with antibiotics
and coronary artery dilator drugs was prescribed when necessary during his subsequent
course.

The leukaemia was treated initially with urethane, 2 to 4 gm. daily, and the leucocyte
count fell and the clinical condition improved, but nausea became intolerable and the
treatment was stopped after 3 months, He remained well, with the glands, liver and spleen
somewhat smaller, for the next 6 months, but then began to suffer from pain in the splenic
region, and a short course of radiotherapy to the spleen was given. The leucocyte count
again fell and there was temporary relief of pain, but symptoms recurred and the physical
signs returned to the original state after a year. At this stage treatment with triethylene
melamine (TEM) was given, 5 mgm. daily for 3 days, and within a week the lencocyte
count had fallen from 80,000 to 4,000 per cu. mm., the platelets had dropped to 30,000
per cu. mm. and blotchy purpura appeared on both legs. During the following month
there was persistent pancytopenia, with fall in haemoglobin to g gm. per cent, leucocyte
levels between 1,000 and 2,000 per cu. mm. and severe thrombocytopenia, but at the
same time the lymphadenopathy and hepta-splenomegaly regressed very markedly, A
very full remission then ensued, the blood picture returning almost to normal, though
still with some preponderance of lymphocytes, and the only physical sign atiributable to
leukaemia was just palpable enlargement of the spleen. This state of affairs has persisted
for the last 5 years, during which no further anti-leukaemic therapy has been required,
although there rave been recurrent episodes of bronchitis and treatment has been needed
for angina of effort.

This case report illustrates again the diagnosis of leukaemia in a patient admitted for
the investigation of non-leukaemic complaints, but here there were gross physical signs
of the disease. The difficulty of maintaining adequate urethane dosage in the face of
severe nausea and the temporary effect of a short course of radiotherapy are described,
and the remarkable response to a rather high dose of TEM, with a phase of pancytopenia
followed by prolonged clinical and haematological remission, is shown. This patient remains
well, at age 68, more than 7 years after the discovery of a florid clinical and haematological
chronic lymphocytic leukaemia.

Case Na. 14 (Fig. 50). Male, aged 51 years, was first seen in November 1952 complaining
of sore throat and swelling of the neck glands for the previous 3 weeks. He had lost a
few pounds in weight in the past month. His previous health had b?en goyd apart from
2 peptic ulcer which had perforated 12 years before but which had given rise to no more
than occasional stight indigestion since then. The only abnormal phy51§al findings were
slight enlargement of the cervical, axillary and inguinal glands and considerable swelling
and inflammation of the tonsils, Neither liver nor spleen could be {elt. A blood count
showed the picture of chronic lymphocytic leukaemia, with haemoglobin 13-2 gm. percent,
platelets 320,000 per cu. mm., and leucocytes 59,000 per cu. mm., 8o per cept of th_cm
being small lymphocytes. A sternal marrow examination revealed extensive infiltration
with lymphocytes which made up 78 per cent of t}Ee nucleat'ed c.ells.. Chest 'Px-ray’showcd
prominence of both hilar regions and sig}ls of partial consohdanor'] in the'nght'mjd-z?xe,
thought to be due to Iymphatic obstruction from enfarged glands in the right hilum. The
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tailed off over the next 3 months. Full remission was maintained for nearly z years befare
recurrent lymphadenopathy and enlarg t of liver and spleen, with falling haemoglabin,
necessitated fresh treatment.

This case-history illustrates a florid disease picture at the time of first examination, a
temporary and patiial period of control brought about by radiotherapy te the enlarged
gland masses, a reduction in leucocyte count panied by general iss]
achieved by chlarambucil, and a remarkable improvement induced by 2 combination of
prednisone and chlorambucil, The severe anacmia and thrombocytopenia did not recur
for 2 years after all treatment had been stopped.

CasE No. 13 (Fig. 49). Male, aged 61 years, was admitted to hospital in May 1951 with
-a complaint of increasingly severe cough with profuse sputum and breathlessness in the
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previous 3months. Hehad lost 201b, in weight in the past year and had recently developed
angina of effort. Examination revealed mod 1 of the spleen (4 cm., below
the Jeft costal margin} and of the liver {6 cm. below the right costal margin), and large
soft mobile glands were felt in the neck, axillae and groins. The periphtral-blood count
showed a picture di: ic of chronic lymphocytic leuk ia, with haen bin 14-2
gm. per cent, and leucacytes 190,000 per cu. mm,, the majority being small Iymphocytes.
There were many smear cells present. The platelets numbered 200,000 per co. mm. A
sternal marrow aspirate revealed 2 very marked lymphocytic infiltration, with 80 per cent
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with successful short-term reductions in gland size, but the lencocyte count showed only
transitory decreases and control of the general disease process was not satisfactory, since
further glandular enlargement developed elsewhere as soon as one group of glands had
been reduced by X-rays. Radiotherapy was therefore discontinued and no treatment
given during the fourth year of the illness since at this time the patient felt well enough
to continue working normally despite considerable lymphadenopathy. The haemoglobin
level fell gradually over this period to IT gm. per cent and the leucocyte count climbed
0 650,000 per cu. mm., and at the end of the year numerous glands, 2 to 4 cm. in diameter,
were palpable at all superficial sites and the spleen had enlarged to 4 cm. below the left
costal margin, Platelets had decreased to 100,000 per cu. mm. but there were no bleeding
signs.

Treatment with chlorambucil was now started and continued, with a single rest period
of 2 months, for the final 2 years of the disease. The dosage given initially was 8 mgm.
daily, and subsequent variations in dosage in relation to the leucocyte count can be seen
in Fig. 50. The haematological response was excellent for over 18 months, with rise in
haemoglobin and platelets and fall in leucocytes to less than 20,000 per cu. mm. Lymph-
adenopathy and splenomegaly were also reduced although numerous small glands could
still be felt. After 16 months’ treatment with chlorambucil a rest period was given to
allow the normal haemopoietic activity of the marrow to recover from prolonged cytotoxic
effects and to see whether remission would continue without maintenance therapy. The
Jeucocyte count began to rise rapidly, however, and although it was again brought under
control by chlorambucil, a steadily progressive anaemia developed and finally thrombo-
cytopenia with bleeding from the gastro-intestinal tract, in the absence of dyspeptic
symptoms. Prednisone was given without effect. Bilateral broncho-pneumonia, unrespon-
sive to antibiotics, finally developed, and this, coupled with increasingly severe bleeding
from the gut and progressive anaemia, proved fatal. Post-mortem examination revealed
the typical appearances of chronic lymphocytic leukaemia, with widespread infiltrations
of the liver, spleen and lymph glands and evidence of recent bleeding from an area of
duodenal ulceration.

The clinical history and chart (Fig. 50) of this patient’s progress illustrate the course
of an initially florid leu) ia, with lized lymphadenopathy, under the influer
successively of TEM, radiotherapy, and chlorambucil. Much the best haemalolog:_ca]
response was achieved with chlorambucil, but no form of therapy succeeded in clearing
the lymphadenopathy entirely and clinical remissions were only partial. Nevertheless,
for nearly 6 years from the time of clinical onset the patient continued at -.York without
severe or disabling symptoms. Post-mortem g dly revealed a bleeding duodenal
ulcer, whereas clinically the terminal gastro-intestinal haemorrhage had been thought to

‘e due to thrombocytopenia.

. Fig. 51). Male, aged 63 years, was discovered to have chronic lymphocytic
li:‘:i:;eNx:iaxdsuiing tshg course ofg investigations prior to prostatectomy. The haemoglobin
was 148 gm. per cent, the platelets 300,000 per cu. mm. and the leucocyte count 150,000

+ cu. mm., predominantly small 1y pk ytes. Apart fr?m these blood chflnges the{e
cere no signs or symp of leuk: ja. No anti-leuk treatxfier}t was given at this
;‘tage but observation was maintained at monthly intervals. Within 4 months a few
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sore throat responded to local antibiotics, and since the patient had then no complaints

and the b lobin was well d, no anti-leuk therapy was given, but
observation was continued at monthly intervals. After 9 months little change had
occurred in the lymphad thy, but the lobin level had fallen to 10-6 gm. per

cent and the leucocytes had increased to 180,060 per cu. mm, Trcatm_cnt was thcrci?re
initiated with triethylene melamine (TEM}, a total of 275 mgm. being given over a period
of 2 months in the first course, There was general clinical and haematological improve-
ment after this course, the haemoglobin rising to between 13 and 14 gm. per cent, the
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glands becoming a little smaller, and the leucocyte count falling to 33,000 per cu, mm.
The lobi p was subsequently maintained, but the leucocyte level rapidly
climbed once more and a further conrse of x5 mgm. TEM was given 4 months [ater. The
response to this second conrse was poor, and indeed there was 2 fall in haemoglobin and
the lymphadenopathy increased at this time, while the leucocyte level was unaffected.
The clinical state was reasonably satisfactory, however, and the patient had few com-
plaints for the next 6 months, when the cervical glands became larger and somewhat
painful and recurrent throat infections became troublesome.

Radiotherapy to the enlarged Iymph glands was now given, the most prominent groups

being treated in turn. A total of about 6,500 r was given intermittently over the next year
T
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of septic lesions of the skin, especially of the forearms and scalp, and although each lesion
healed gradually with Iocal antibiotic ointment, fresh lesions persistently appeared. The
lesions were not staphylococeal but showed variable microbial flora. Study of the plasma
protein electrophoretic pattern revealed no deficiency of gamma-globulins and no other
abnormality.

This case report illustrates once more the chance discovery of chronic lymphocytic
leukaemia in a patient admitted to hospital for reasons unconnected with leukaemia. It
also shows an excellent response of widely generalized disease to chlorambucil and illus-
trates the need for maintenance rather than intermittent treatment. The low-grade
infections of the skin arc a typical example of the tendency for patients with this disease
to exhibit lowered resistance to infection. In this case the tendency could not be correlated
with a deficiency of gamma-globulins.

Cask No. 16 (Fig. 52). Female, aged 71 years, was admitted to hospital in August 1956
with acute diarrhoea, persistent vomiting and nausea. Examination revealed moderately
enlarged lymph glands in the axillary and inguinal regions, gross splenomegaly, the organ
extending into the left iliac fossa, and enlargement of the liver, with the edge palpable
12 cm. below the right costal margin. A blood count showed haemoglobin 15 gm. per cent,
platelets 250,000 per cu. mm. and leucocytes 51,400 per cu. mm., with g6 per cent lympho-
cytes, mostly mature small cells but some having atypical features. The gastro-intestinal
symptoms responded rapidly to chlorpromazine and the patient was discharged without
any anti-leukaemic treatment having been given. She was eventually referred for treat-
ment in October 1957, after recurrence of persistent vomiting, now unresponsive to
chlorpromazine. At this time the haemoglobin had fallen to ro-7 gm. per cent, and the
platelets to 120,000 per cu. mm., while the lencocyte count had risen to 147,000 per cu.
mm, She was complaining of nausea and vomiting, dyspnoea on exertion, swelling of the
ankles, and dizzy attacks. There was moderate enlargement of lymph nodes at all palpable
sites and the spleen was enormously enlarged (see Plate XXI). The liver edge was felt
10 cm. below the costal margin. There was considerable oedema of the ankles, presumed
to be due to obstruction to the venous and lymphatic return from the legs, since there was
no evidence of cardiac or renal disease. Chest X-rays showed no definite hilar or media-
stinal glandular enlargement, but there were irregular densities in the lung fields suggestive
of small pulmonary deposits.

Treatment with chlorambucil was initiated in a dose of 10 mgm. daily and continued
until the leucocyte count had dropped to 26,000 per cu. mm. There was considerable
subjective improvement but only slight regression in the splenomegaly. Maintenance
treatment with reduced doses of chlorambucil was necessary since the leucocyte count
yose rapidly whenever the drug was stopp d. Asmalli in h: Tobi: Ja_zvel took
place but the clinical condition remained stationary, and neither the use of prednisone nor
radiotherapy to the spleen effected any sx'gm:ﬁcant improvement in the gene_ral condition
or in the extent of splenomegaly. Aftera period c_:f 9 Amonths, rapid deterioration occurred,
with great increase in lymphadenopathy and rise in Jeucocyte level, and although the

in reduced by intensive chemotherapy, the clinical deterioration was

s were agai
S::;:gtt:d bi]aterga] broncho-pneumonia developed and death took place z years after the

diagnosis had first been made.
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cervical glands became palpable and over the next year generalized lymphadenopathy
developed, with glands about 1-2 cm. in diameter at all superficial sites. The spleen
enlarged to 3 cm. below the left costal margin and the liver edge became palpable. During
this time there were also two episodes of otitis externa, each responding satisfactorily to
Jocal treatment. Sixteen months after diagnosis had been made there was generalized
moderate lymphadenopathy, hepato-spl ly, and symp of lassitude and
malaise. A group of enlarged para-aortic glands could be felt. The haemoglobin level,
which had been following a fluctuating but slightly downhill course, had reached 114 gm.
per cent, while the leucocytes had risen to 270,000 per cu, mm,

g

A el
G 4 A, Oz, el
o \ . - LR —op S0
©, " .. e
% 1) Neea! \f"\./-\_\._ ;/

00"
2000004 ]

ST
000 * . {
l

100!
MYELEYS
wic
(L0g' scuE) 30000

20000 o
WA

GRARE GRS B

6 8 10 12 14 15 18 20 22 24 26 28 30 32 34 35 38 40 42 44 46
MONTHS

Fic. 51.

100004

5.000-

_ Treatment was started with chlorambucil in refatively high dosage of 12 mgm. daily
since the patient was able to attend for weekly blood counts. The drug was stopped after
4 weeks, when the leucocyte count had fallen to 56,000 per cu. mm., and the fall continued
I?r a further 3 weeks, reaching a level of 15,000 per cu. mm. At this time there was
significant improvement in symptoms and the physical signs had much diminished.
Maintenance treatment with chlorambucil proved necessary, since whenever it was
stopped recrud of lymphadenopathy and spl ly soon occurred and the
leucocyte count rose rapidly. By varying dosage between 4 mgm. and 2 mgm. daily the
leucocytes have been kept between 10,000 and 30,000 per cu. mm. and the patient has
been well enough to remain at work and live a normal life.

A troubl though minor, lication in the case was the repeated development
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This case-history illustrates the unusual presentation of chronic lymph?cy_tic leukaemia
with gross splenomegaly, and the failure of cither Chemothem;?y or mdxfmo.n to control
the progress of the disease, except to a very minor extent, despite reduction in the leuco-
cyte level, The disease was already in a far-advanced state before treatment was beguin,
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and from the huge size of the splecn at first examination it seems likely that the leukaemic
process had begun many months earlier,
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females, and that it affects chiefly children and young adults, It has accasionally been
observed in patients over 4o years of age and congenital cases have been reported
{Morrison #f al., 1939). -

Symp logy and iated patholegy. The gereral symptoms are those of
acute leukaemia, with rapidly increasing pallor, weakness, loss of weight, bone pains,
stomatitis and phatyngitis, and haemorrhagic phenomena. Accompanying this picture
and sometimes dominating it, especially in children, are severe symptoms arising from the
presence of rapidly growing tumours, often situated in the orbit and causing protrusion
of the eyeball, partial or complete blindness and eculomotor paralysis. The skull bones are
involved in over 75 per cent of cases. Other common sites of skeletal involvement are the «
temporal bones, the paranasal sinuses, sternum, ribs, vertebrae, and pelvis. Less often
tumours may be conspicuous in the long bones. The chloromatons masses ave usually
found beneath the periostenm, but they occur also within the marrow cavity eroding both
the medullary and cortical bone. Erosions with certical thinning, localized areas of trans-
lucency, periosteal elevation and new bone formation, either parallel with the cortex ar
at right angles to it, may be seen in radiographs, but, as Kemp and Williams {r941}
emphasized, the X-ray ¢l aze not diagnostic of chloroma, being similar to those often
observed in non-chl taus forms of Jeuk fa in childhood. Predominant fnvolve-
ment of skull and orbits is, however, very suggestive of chloroma, Nen-leukaemic con~
ditions, such as congenital syphilitic osteo-periostitis, secondary neuroblastoma, and osteo-
myelitis, which may be suggested by the radielogical appearances, are usually readily
distinguished by cytological examination of the blood and bone marrow. .

In addition to bone involvement, chloromatous deposits may be found in the lymph
glands and viscera, including the kidneys, liver, lungs, pleura, heart, pericardium, intes-
tines and spleen. Indeed, examples of tumour formation in muscles, the breasts, the spinal
meninges, and many other sites throughout the bedy have been reported and no organ
or tissue appears exempt, although deposits in the brain and spinal cord are rare. A
great variety of symptoms and signs may arise as a result of pressure from chloromatous
masses upon local structures, and among these are newrological disturbances such as
paraplegia, since although the spinal cord is not directly affecied by deposits, pressure upon
it may resuit from the growth of epidural and meningeal tumours (Critchiey and Green-
field, 1930).

Nod\?l?’ar)tumours may be seen in the bone marrow at antopsy, and elsewhere the marrow
sometimes manifests  greenish colour, but more often it is creamy grey or pink, soft, and
not unlike the marrow in typical acute leukaemia,

‘YWhen tumours from any site are sectioned they appear homogeneous and vary in colour
{from pale yellowish-green to deep g g The green colour fades gradually on ex-
posure to air but can be preserved by mounting in glycerine. The nature of the_ green
pigment remains uncertain, possible theories being that itisa prfytopoxppynn {Dustin and
Thomas, 1938) or a choleglobin derivative {(Humble, 1046). l\.hcroscapxcally the tumour
masses are seen to be composed of primitive cells of myclul'alashs: or myelomonocytic type,
with little supporting s}tmma. vy hgy ?}10\\; sign§ gf é?tmlz invasiveness and are more hke

i ases than are typical lenkaemic infiltrates.
m‘!»}lzlf::‘;‘zg; e;giets. The blood px'i?ure is indisti{xg:uisha‘ble fror.x‘l that of acute myclohlastlic
o myel ytic feuk ia, although the perip } lencocyte count is not often greatly




CHAPTER 15
UNUSUAL VARIETIES OF LEUKAEMIA

/" Many of the less modesof p ion, system invol , and haematological
features of the major varieties of leukaemia have been described in the preceding chapters.
Some of these are strikingly atypical, as when chronic lymphocytic leukaemia first mani-
fests itself as leukaemic erythrodermia or Mickulicz’s syndrome, or when acute leukaemia
is fully aleukaemic in the peripheral blood or initially pancytopenic with an aplastic
‘marrow, but they ate all eventually recognizable as variants of one or other of the common
forms of leukaemia.

In the present chapter a rather different group of diseases is to be discussed. These are
all more or less clearly ptable as bers of the general leuk ia class, but they have
been held to differ so substantially from the usual forms of leukaemia that separate con-
sideration is called for. Among them are chloroma, erythraemic myelosis, chronic neutro-
yphilic, eosinophilic, basophilic and mast cell leukaemias, megakaryocytic and plasma cell
leukaemias, leukosarcoma and chronic monoceytic leukaemia,

Chloroma

Chloroma or chloroleukaemia is a condition in which the general symptoms and signs
of acute leukaemia are found in association with Jocalized tumour formation, the turmour
masses being green in colour and occurring principally in relation to the periostenm and
bones of the skull, although almost any part of the body may be affected.

The very ch ristic and striking app of the green tumours had been observed
and reported early in the nineteenth century, but the disease was not clearly recognized
to be a variety of leukaemia until careful studies of the blood were made by Waldstein
{1883), Von Recklinghausen (1885) and Dock (1893). Forkner (1938) surveyed the earlier
literature on chloroma and showed how the original belief that the tumours were of
lymphoid origin gave place to the concept that they were part of the pathological process
in an unusual form of acute or sub yeloblastic ia, This concept is now
generally accepted and the cytology of the chloromatous masses and that of the leucocyte
precursors in the blood and bone marrow are usually thought to be myeloblastic although
occasional examples of monocytic or myelo-monocytic chloroma have been reported
(Ross, 1955))7

‘The condition is uncommon, probably more so at present than in the past. Edgerton
(1947) found reports of 336 cases previously published, but in many of these the diagnosis
was doubtful. In recent years some five or six case reports of chloroma have been pub-
lished annually, Study of these isolated reports and of the several collected reviews, such
as those of Burgess (1912), Brannan (1926), Kandel {1937), Atkinson (1939) and Kemp
and Williams (1943}, shows that the disease is about twice as common in males as in

-~
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females, and that it affects chiefly children and young adults. It has occasionally been
observed in patients over qo years of age and congenital cases have been reported
{Morrison ¢t al., 1939). -

Symptomatelogy and associated pathology. The general symptoms are those of
acute leukaemia, with rapidly increasing pallor, weakness, loss of weight, bone pains,
stomatitis and pharyngitis, and haemorrhagic phenomena. Accompanying this picture
and sometimes dominating it, especially in children, are severe symptoms arising from the °
presence of rapidly growing tumours, often situated in the orbit and causing protrusion
of the eyeball, partial or complete blindness and oculomotor paralysis. The skull bones are
involved in over 75 per cent of cases. Other common sites of skeletal involvement are the
temporal bones, the paranasal sinuses, sternum, ribs, vertebrae, and pelvis. Less often
tumours may be conspicuous in the long bones. The chloromatous masses are usually
found beneath the periosteum, but they occur also within the marrow cavity eroding both
the medullary and cortical bone. Erosions with cortical thinning, localized areas of trans- .
lucency, periosteal clevation and new bone formation, either parallel with the cortex or
at right angles to it, may be seen in radiographs, but, as Kemp and Williams (1941)

phasized, the X-ray changes are not diagnostic of chloroma, being similar to these often
observed in non-chl tous forms of leuk ia in childhood. Predominant involve-
ment of skull and orbits is, however, very suggestive of chloroma. Non-leukaemic con-
ditions, such as congenital syphilitic osteo-periostitis, secondary neuroblastoma, and osteo-
myelitis, which may be suggested by the radiological appearances, are usually readily
distinguished by cytological examination of the blood and bone marrow.

In addition te bone involvement, chloromatous deposits may be found in the Iymph
glands and viscera, including the kidneys, liver, lungs, pleura, heart, pericardium, intes-
tines and spleen. Indeed, examples of tumour formation in muscles, the breasts, the spinal
meninges, and many other sites throughout the body have been reported and no organ
or tissue appears exempt, although deposits in the brain and spinal cord are rare. A
great varjety of symptoms and signs may arise as a result of pressurc from chloromatous
masses upon local structures, and among these are neurological disturbances such as
paraplegia, since although the spinal cord is not directly affected by deposits, pressure upon
it may result from the growth of epidural and meningeal tumours (Critchley and Green-
field, 1930).

Nodular tumours may be scen in the bone marrow at autopsy, and elsewhere the marrow
sometimes manifests 2 greenish colour, but more often it is creamy grey or pink, soft, and
not unlike the marrow in typical acute leukaemia.

‘When tumours from any site are scctioned they appear homogeneous and vary in colour
from pale yellowish-green to decp grass-green. The green colour fades gradually on ex-
posure to air but can be preserved by mounting in glycerine. The nature of the. green
pigment remains uncertain, possible theories being that itisa protoporphyrin (Dustin and
Thomas, 1938) or a choleglobin derivntiye (Humble, 1946). 1\.[xcroscop'xcally the _tumour
masses are seen to be composed of primitive gcl]s of my “‘ ic or my ytic type,
with little supporting stroma. They show signs qf local invasiveness and are more like

tases than are typical leukaemic infiltrates. .
The blood picture is indistinguishable from that of acute myeloblastic
although the peripheral leucocyte count is not often greatly

malignant metas
Blood changes. 0
or myelomonocytic leukaemia,

.
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raised and an aleukaemic phasc may persist for same days or weeks after local tumour
formation has first been noted. A frankly leukaemic picture, with 2 high percentage of
primitive cellyin the blood, eventually develops in almost every case. During aleukaemic
phases the dfagnosis can, however, usually be established with cer?ainty by bone-marrow
biopsy, when the app of massive leuk ic infiltration will be found.
Treatment. The same forms of treatment are applicable as used in
acute myeloblastic loukaemia. In addition to the usual antimetabolite chemotherapy and
supportive treatment with fusi and ibiotics when approp , cautious
irradiation of chloroma masses causing pressure effects is advisable. The course of the
disease, the likelihood of inducing remissi with anti-leul ic therapy, and the
eventual outcome are similar to those of acute leukaemiz in general, and it is unusual for
patients to survive more than 8 months to a year from the time of diagnosis even when
porary remissions have been fully induced.

Erythraemic Myelosis and Erythroleukaemia

In an extensive series of publications since 1917, Di Guglielmo has developed, with
{llustrative case reports, the concept that erythroblastic tissue could give rise to a malig-
nant proliferative blood disease essentially similar to the leukaemic proliferation arising
from leucocyte p {Di Gugliel 1917, 1923, 1946, 1956). The emergence of a

1 t clinicaland h ! I picture of “’ erythraemic myelosis ”, as this malignant
erythroblastic hyperplasia has been called, has long been hampered by the rarity of
examples of the disease and the frequent occurrence of exaggerated erythroblastic hyper-
plasia in the bone marrow and erythroblastosis in the peripheral blood in states of non-
malignant increase in erythropoietic activity, as in haemolytic anaemias of many kinds.
Thalassaemia major proved especially confusing in this respect and more than half the
cases reported as erythraemic myelosis, chiefly by Italian authors, between the years
1924 and 1940, appear in retrospect to be ples of thal ia or h lytic disease
of the newborn (Moeschlin, 1940, 1951),

Another source of confusion is the existence of erythroblastic hyperplasia simultane-
ously with acute Jeul ic, especially myeloblastic, proli ion. An ional erythro-
blast is to be found in the peripheral blood at some stage in most cases of acute leukaemia,
and red cell precursors may sometimes be numerous, perhaps more numerous than
leucobk: When erythroblasts are present in sub ial proportion, the mixed prolifer-
ation may be referred to as “erythroleukaemia”, and some writers have expressed the
view that most, if not all, cases of supposedly pure erythraemic myelosis are in reality
erythiroleuk ic, with mixed myeloblastic and erythroblastic hyperplasia, and that the
longer the patient lives, the more likely is the apparent erythraemic myelosis to become
an obvious erythroleukaemia or a frank acute leukaemia (Martin and Bayrd, 1954;
‘Whitby and Britton, 1957; Dameshek and Baldini, rg58). Studies of the glycogen content
of erythroblasts may be helpful in clarifying this issue, since the P.A.S. reaction has been
found to be negative in erythroblasts from most cases of acute lenkaemia but strongly
po_sitive in those from eryt} ic myelosis and from erytt ia with a con-
spicuats erythraemic component (Quaglino and Hayhoe, 1959). Transitions undoubtedly
take place, as they do between other leukaemic and paraleukaemic disorders, such as
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polycythaemia vera and chronic myeloid leukaemia (see Chapter 16), and, indeed, few
haematologists would claim strict pathological autonomy for any memberof the myeloproli-
ferative or lymphoproliferative diseases, but enough cascs of erythraemic myelosis in pure
form have now been observed for the discase to be accepted as a recognizable, if not sharply
separated, entity. References to many of the published case reports have been given by
Britton and Neumark (194g), Schwartz and Critchlow (1952) and by Haranghy, Doczi,
Székely and Spiclmann (1958}, whose monograph on leukaemic erythromyelosis deals fully
with the clinical and pathological aspects of this group of diseases.

Acute erythraemic myelosis. The characteristic features of this disease as described
by Di Guglielmo include rapid onset with severe anaemia, irregular remittent fever,
marked splenomegaly and slight hepatomegaly, and an acote course of one or two months
o an invariably fatal termination. The blood changes are dramatic, with severe anaemia
and many circulating erythroblasts of all stages of maturity, ranging in number from
3,600 to 300,000 per cu. mm. The earlier red cell precursors, proerythroblasts and baso-
philic erythroblasts, usuaily predominate, and many show atypical cytological features,
including multiple nuclei and lack of synchronism between nuclear and cytoplasmic
maturation. The cells may be chiefly normoblastie, macronormoblastic, or megaloblastic,
and mixed appearances are common. The relatively Jow proportion or complete absence
of orthochromic normoblasts shows a parallel with the absence of intermediate granulocyte
precursors in acute myeloblastic lenkaemia and has been referred to as the “hiatus
erythraemicus” (Baserga, 1938). The mature red cells show much variability in appear-
ance from case to case, being sometimes normochromic and normocytic, but more often
macrocytic with anisocytosis and poikilocytosis. Reticulocytosis is not usually prominent,
in contrast with the findings in haemolytic anaemia, and the presence of peripheral
erythroblastosis without reticulocytosis is a helpful pointer to the diagnesis. Leucocytes
may be decreased, normal or increased in numbers, but are rarely more than 30,000 per
cu. mm. A shift to the left, with occasional metamyelocytes and myelocytes, may be seen,
but in the classical form of the discase few or no immature leucocyte precursors are to be
found, Thrombocytopenia is commonly severe and, clinically, haemorrhagic manifesta-
tions resemble those of acute leukaemia.

The bone marrow shows remarkable erythroblastic hyperplasia, with great preponder-
ance of early basophilic cells and iderabl bers of proerythrobl h yto-
blasts and primitive reticulum cells. I poietic and th bopoietic cells are much
reduced in numbers. Mitotic and other cytological irregularities are frequent among the
erythroblasts (Plate XXVIII, Figs. 1 to 5}, and megaloblastoid forms may be conspicuous.
Nevertheless, the concentration of vitamin By, in the serum has been reported to be
normal and there is no response to parenteral administration of vitamin B,, (Dameshek

ini, 1938).
a“g(gta-l:\‘:rten?ix)amination reveals diffuse hyperplasia of early erythx_'oblasts'throughout
the haemopojetic system and exteqsive, though vaﬁab{e, inflltration in the Iw.er, spleen,
lymph glands, and often in other viscera, I‘-Im_amqrxhagl& le_suz?s may be conspicuous,

The pure form of acute eryth 1y differs t::on} acute lenkaemia in

hi ater extent of splenomegaly, the general absence of significant lmph-gland
tn(;ax'g?ment and the rarity of ulcerating and necrotic oral lesions. Haematologically the
S feromtial diagnosis from haemolytic pecially thal may be difficult,
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been rel to di erythroleul ia unless the numbers of erythroblasts in both
the blood and bonc marrow approach or exceed those of the leucocytes. This is really a
question of semantics, of no great clinical or haematological importance provided that the
possible concurrent existence of widely variable degrees of erythraemic and leukaemic
proliferation is clearly appreciated.

The leukaemic component of erythroleukaemia is usually myeloblastic, but may be
myclomonocytic or monocytic {(Hindmarsh and Wickham, 1955). Lymphoblastic Jeuk-
aemia does not appear to share the association, [ bly because Iymphopoiesis differs
in site and nature from medullary erythropoiesis and granulopoiesis.

Erythroleukacmia pursues a course like that of acute myeloblastic leukacmia, with
similar signs and symptoms, and a comparable prognosis. Therc is severe anaemia,
moderate or slight hepato-splenomegaly, fever, stomatitis, haemorrhagic phenomena and
a tendency to succumb to intercurrent infection. The blood, the bone marrow, and, at
post-mortem cxamination, many of the organs and tissues, show extensive infiltrations
with erythroblasts as well as with leucoblasts.

Treatment. This group of diseases has not so far proved amenable to treatment.
Temporary benefit may be derived from fresh blood transfusion, and definite remission
of the disease has sometimes followed upon this measure (Mackenzic and Stephenson,
1952). Splenectomy has been tricd in a number of cases, with little improvement, and,
indecd, a sharp rise in the number of peripheral erythroblasts has been observed after the
operation, The use of antimetabolites may lead to remission, especially in erythroleuk-
aemias with a strong leul ic comp t, but predominantly erytl ic cases scem
usually to have been refractory, although the literature contains few reports of attempted
chemotherapy. It would certainly be reasonable to employ much the same methods in
treating acute erythraemic myclosis and erythroleukaemia as are used in myeloblastic and
myelo-monocytic leukaemias, including trials with antimetabolites and adrenocortical
hormones, and supportive therapy with transfusions and antibiotics as required. In
chronic erythracmic myelosis there is less urgent need for aggressive chemotherapy, but
cautious use of purine antagonists, busulphan, or radioactive phosphorus would be worth
trying in the hope of reducing abnormal erythropoiesis to a point where a return to normal
might become possible, comparable with the emergence of normal leucopoiesis when
chemotherapy effectively reduces the pathological X icsis of leuk i

Variants of Chronic Granuloeytic Leukaemia

In chronic granulocytic leukaemia very wide variations occur in the diffex:ential leuco-
cyte count of the peripheral blood. Characteristically, as we have seen earlier, .thcre are
large numbers of granulocyte precursors as well as mature neutrophils, and increased
proportions of cosinophils and basophils are present. Monocytes, too, are n_fte.n greatly
increased both absolutely and relatively. Among the more remarkable' van:Etlons from
this pattern of general granulocytic and monocytic increase are those in which m{nture
neutrophils, eosinophils (Plate XXVIII, Figs. 6 and 7) or basophils (Plate XXVIII, Fig. 8)
respectively predominate in the peripheral blood. Such cases are extremely rare, but
several in which adequate investigation has sugg;sted the Iel.xl.caemlc nature 9f the d;seaEse
have been described under the names neutrophilic, eosinophilic and basophilic leukaemia.
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but clinically erythraemic myelosis has no family incidence, runs a much mare acute and
severe course, and does not show the characteristic bone changes seen in thalassaemia,

Leucoblastic proliferation may remain absent throughout the whole course of the disease
but transition to erythroleuk i, with the app of myeleblasts in the bone
marrow and peripheral bleod, not ly takes place.

‘Chronic erythraemic myelosis. This disorder is refated to acute erythraemic
myelosis much as chronic leukaemias are related to acute. Most cases have been described
in adults, although Di Guglielmo and Quattrin (1942) observed a typical example in a girl
aged 12 years. The clinical course is more prolonged than that of the acute form and the
sigms and symptoms develop moare slowly, but again include splenomegaly, hepatomegaly,
anaemia and fever. Thrombocytopenia is less marked. The discase usually proves fatal
after 1 to 2 years, although it may continue to develop slowly for as long as 10 years
(Dameshek and Baldini, 1958). The peripheral erythroblastosis ranges from 5,000 to
100,000 cells per cu, mm. and these are mostly late normobl: with smaller b
of intermediate erythroblasts and few basophilic precursors, Erythroid hyperplasia
preponderates in the bone marrow, with myeloid-erythroid ratic as low as 1 to 30
{Heilmeyer and Schéner, 1941), the majority of the erythroblasts being at intermediate
or late stages of maturity, although primitive forms also show a substantial increase.
Thete is hypoplasia of both leucopoictic and thrombopoietic tissue. Mitotic and other
cytological ab in the dredcellp are present but less conspicuous
than in acute erythraemic myelosis, while an increase in reticulocytes is more common.

At autopsy, generalized infiltration of haemopoietic argans and viscera with erythro-
Plasts is found, comparable to the organ infiltrations with lencocytes in chronic lenkaemias,

Cases intermediate between acute and chronic erythraemic myelosis, both 1n clinical
severity and in the degree of erythroblastic immaturnty, have been reparted, and may be
regarded as subacute forms,

Erythrol fa. More than the pure forms of erythraemic myelosis is a
mixed erythraemic and leukaemic proliferation. This condition, erythroleukaemia, is not
cleatly defined, since it may range haematologically from an almost pure erythraemic
myelosis with only a few myeloblasts and promyelocytes to an equally pure acute leuk-
aemia with minima) peripheral erythroblastosis and only slight increase in early erythro-
blasts in the marrow, Since it is not easy to distinguish erythraemic proliferation from
nommal erythropaietic activity in a leuk ic marrow, and since orthochromatic normo-
blasts frequently appear in the peripheral blood in acute lenkaemia as a temporary
phenomenon especially during the early phases of remission, most haematologists have

PLATE XXVIIT
ATYPICAL FORMS OF LEUKAEMIA AND RELATED DISEASES
1,2,3, 4, 5. Atypical erythroblasts in erythraemic myelosis. {3 X 600, remainder x 1000)

6and 7, and & granular phuls 1 diffuse eosinophilic collagen disease.
{x ta00)
8, Intense ilia in chronic locytic leul {5 3000}

9. A tissue mast cell. {x roco}
10 and 11. Plasma cells in 2 marrow smear from multiple myelomatosis. { X 1000, X 600}
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been reluctant to diag erythroleuk ia unless the numbers of erythroblasts in both
the blood and bone marrow approach or exceed those of the leucocytes. This is really a
question of semantics, of no great clinical or haematological importance provided that the
possible concurrent existence of widely variable degrees of erythraemic and leukaemic
proliferation is clearly appreciated.

The leukaemic component of erythroleukaemia is usually myeloblastic, but may be
myelomonocytic or monocytic (Hindmarsh and Wickham, 1955). Lymphoblastic leuk-
aemia does not appear to share the association, presumably because lymphopoiesis differs
in site and nature from medullary erythropoiesis and granulopoiesis.

Erythroleskaemia pursues a course like that of acute myeloblastic leukaemia, with
similar signs and symptoms, and a comparable prognosis. There is severe anaemia,
moderate or slight hepato-splenomegaly, fever, stomatitis, haemorrhagic phenomena and
a tendency to succumb to intercurrent infection. The blood, the bone marrow, and, at
post-mortem examination, many of the organs and tissues, show extensive infiltrations
with erythroblasts as well as with leucoblasts.

Treatment. This group of discases has not so far proved amenable to treatment.
Temporary benefit may be derived from fresh blood transfusion, and definite issi
of the disease has sometimes followed upon this {Mackenzie and Steph
1952}, Splencctomy has been tried in a number of cases, with little improvement, and,
indeed, a sharp rise in the number of peripheral erythroblasts has been observed after the
operation. The use of antimetabolites may lead to remission, especially in erythroleuk-
aemias with a strong leukaemic component, but predominantly erythraemic cases seem
usually to have been refractory, although the literature contains few reports of attempted
chemotherapy. It would certainly be reasonable to employ much the same methods in
treating acute erythraemic myelosis and erythroleukaemia as are used in myeloblastic and
myelo-monocytic leu} fas, including trials with antimetabolites and adrenocortical
hormones, and supportive therapy with transfusions and antibiotics as required. In
chronic erythraemic myelosis there is less urgent need for aggressive chemotherapy, but
cautious use of purine antagonists, busulphan, or radioactive phosphorus would be worth
trying in the hope of reducing abnormal erythropoiesis to a point where a return to normal
might become possible, comparable with the emergence of normal leucopoiesis when
chemotherapy effectively reduces the pathological leucopoiesis of leukaemia.

Variants of Chronic Granulocytic Leukaemia

In chronic granulocytic leukaemia very wide variations occur in the differential leuco-
cyte count of the peripheral blood. Characteristically, as we have seen earlier, .there are
large numbers of granulocyte precursors as well as mature neutrophils, and increased
jons of eosinophils and basaphils are present. Monocytes, too, are ofte}i greatly
d both absolutely and relatively. Among the more remarkable variations from
tern of general granulocytic and monocytic increase are those in which mature
inophils (Plate XXVIII, Figs. 6 and 7) or basophils (Plate XXVIII, Fig. 8)
Jdominate in the peripheral blood. Such cases are extremely rare, but
te investigation has suggested the leukaemic nature of the dlsea.se
trophilic, eosinophilic and basophilic leukaemia.
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Neutrophilic leukaemia. Rathery (1g02) first reported an example o[_(his unusgal
form of leukaemia. His patient had the clinical picture of chronic granulocytic leukaemia,
with d ia and gross spl ly, and the peripheral leucocyte count was
41,000 per cu. mm. Mature polymorphonuclear neutrophils made up 79 per cent (_)f 'the
count, there were Ig per cent monocytes, and only I-3 per cent myelo_cytes. A similar
case was described by Hirschfeld (1914). Both these patients died followm.g sple.nectomy,
and at antopsy the changes of chronic granulocytic leukaemia were found in their organs.
Several further case reports, such as those of Tuohy (1920}, Naegeli (xg31) and Emile-\Vgxl
and Sée {1932), confirmed the existence of this variant of leukaemia and suggested that.lts
evolution might be somewhat slower and the course more benign than that_ of typical
chronic granulocytic leukaemia, Whitby and Britton (1957) drew attention to the
difficulty of distinguishing between leuk ic and leuk id polymorpt 1 re-
actions, and implied that most reported cases were not truly leukaemic; this interpretation
does not scem justified. As Forkner (1938) pointed out, those cases which had been studied
post mortem showed proliferation and infiltration involving both immature and mature
g locytes in the h poietic organs and elsewhere identical with the usual picture
of chronic granulocytic leuk ia. The diffe between neutrophilic leukaemia and
the ordinary granulocytic form would therefore appear to be one concerning the mechan-
ism of release of cells into the circulation rather than an essential difference in the cell
type undergoing leukaemic transformation. Studies of leucocyte alkaline phosphatase
activity might be expected to be valuable in assisting the diagnosis of neutrophilic leuk-
aemia, since the enzyme levels should be severely depressed by analogy with those in
chrenic granulocytic leukaemia.

Eosinophilic leukaemia. Since the early observatiens of Stillman (1grz), Schmidt-
Weyland {1925) and Hay and Evans (1929) much has been written about the existence
and ch > Bieiite

istics of fa. This title might reasonably be given to a
disorder having the general clinical and h ical features of Jocytic leuk i
but an overwhel d of eosinop and eosinophil precursors in the blood

and bone marrow throughout the course of the disease until death or terminal myeloblastic
transformation. Unequivocal examples of such 2 disorder are extremely rare, if, indeed,
they exist at all, and the great majority of cases reported as eosinophilic leukaemia appear
to be leukaemoid reactions or transitory phases of eosinophilia during the course of other-
wise typical acute or chronic granulocytic lenkaemia.

The relationship of eosinophilia and leuk ia has been fully analysed by Bousser
(1957), who collected data from the literature and from colleagues on all suspected cases
of eosinophilic leukaemia in which adequate clinical and haematological investigations
had been performed. The chief conclusions from this most interesting and informative
analysis are as follows.

1. Marked eosinophilia may develop during the course of chronic granulocytic leukaemia
and temporarily deminate the blood and martrow pictures, and a similar temporary

i often with cytologically abnormal eosinophils, may occur in acute and
b-acute myeloblastic lenk i This ph is a transient one and gives
place to the usual haematological pattern after a variable pemod of time. It is
possible that parasitic infestation or allergic disorder may predispose to its develop-
ment in some cases (Tolentino, 1948). Cases falling into this general category include
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those of Astaldi and Curti (1947), Tolentino (1948), Muller ef al. (1949) and Ravetta
(1949, 1952).

2. Most of the remaining cases reported as eosinophilic leukaemia appear to be leukae-
moid reactions to 2 generalized disorder with varable clinical features designated by
Engfeldt and Zetterstrom (19356) as **di inated eosinophilic coll disease”, The
pathological features of this disorder consist of necratic, ced ous and 1
Jesions of the interstitial connective tissue, with variable arterial lesions, tissue eosinophilia
and increase in cosinophils in the peripheral blood. While blood eosinophilia is a constant
feature of the disease, only occasionally do patients develop so high and persistent an
cosinophilia as to suggest leukacmia. The clinical picture is extremely polymorphous,
since the lesions of interstitial tissue may occur predomi ly in many possible sites,
including the lungs and pleura, with asthmatic attacks, fluctuating pulmonary infiltrates
and pleural effusions; the heart, with pericarditis, endecarditis, and congestive failure;
the kidneys, with albuminuria, haematuria and arterial hypertension; and the skin, with
pruritus, urticaria, oedema, erythematous, papular or pustular rashes, cutaneous or sub-
cutaneous nodules and purpura. In addition there may be enlargement of liver, spleen
and lymph glands, pains in muscles and joints, wasting and intermittent fever. The
diagnosis is suggested by the presence of some combination of these system involvements
and the existence of eosinophilia. Within the general heading “di; inated eosinophilic
collagen disease " may be included such clinically diverse but pathologically related states
as parietal fibroplastic endocarditis (Loeffler, 1952), eosinophil myocarditis, periarteritis
nodosa and asthma with eosinophilia {Rackemann and Greene, 1939), allergic granulo-
matosis and angiitis (Churg and Strauss, 1931) and the syndrome of disseminated visceral
lesions with extreme eosinophilia observed in young children by Zuelzer and Apt (1949}

From his study of the clinical and pathological records of 29 adequately documented
cases reported as eosinophilic leukaemia, Bousser concluded that all 16 in which there was
no terminal myeloblastic transformation were in reality examples of disseminated eosino-
philic collagen disease. Of the 13 cases showing a terminal myeloblastic change, 7 had
manifested characteristic features of the same disease, with myocardial, pulmonary or
dermatological lesions, while the remaining 6 were probably cases of transient eosinophilia
during the course of acute or chronic granulocytic leukaemia.

The clinical pattern of most reported cases clearly conforms with that of the dissemin-
ated allergic discase, and they may reasonably be regarded as illustrating an extreme form
of eosinophilic leukaemoid reaction, rather than a true leukaemia. This interpretation is
further reinforced by the haematological observation that in most cases the eosinophils
have been predominantly mature cells, and when a terminal myeloblastosis occurred there
has often been a remarkably complete absence .of intermediate cells, myelocytes and
metamyelocytes, between the mature cosinophils and the undifferentiated precursor cells,
This hiatus differs from the ordinary “ hiatus leuk icus” of acute lex 1 in that the
proportion of mature cells has generally been vastly greater in relation to t'ht? primitive
cells than is the case in acute leukaemia. Another feature against a leukaemic interpreta-
tion is the lack of correlation between the nature and extent of the eosinophilia, including
especially the proportion of precursor cells, and ?hc clinical severity of the disease, Eosino-
philias with predominantly mature cells, and WIfh counts ranging from 20,000 to 250,000
cells per cu. mm., have been observed in cases with severe and short courses of a few days
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or weeks, but also in more chronic cases, surviving as long as 4 or 5 years. The clinical
subdivision into acute and chronic cases does not seem to be paralleled by an associated
haematological differentiation, of the kind seen in acute and chronic leukaemias.

As far as treatment is concerned, the only cases suitable for radiotherapy or chemo-
therapy along anti-leukaemic lines are those where eosinophilia is clearly part of an acote
or chronic granulocytic leukaemia, and here orthodox therapeutic measures are applicable,

When a considerable eosinophilia is found with predominantly mature cells, and even
when there arc also p inophil blasts present, but no general neutro-
phil granulocytic increase, a careful scarch should be made for possible causes of eosino-
philic leukaemeid reaction, including parasitic infestation, cancer, Hodgkin's disease, and
especially the syndrome of dissemninated collagen disease. If evidence is found to support
the last possibility, treatment with corticosteroids may be temporarily effective and there
is a case for giving anticoagulants to reduce the risk of thrombosis and ischaemic necrosis
resulting from arterial lesions {Gerbaux ¢ al., 2956).

Basophilic leukaemia. An increase in basophil leucocytes both relatively and
absolutely is an extremely common feature of chronic granulocytic leukaemia, and it is
not at all unusual to find these cells constituting 2o to 30 per cent of the peripheral leuco-
cyte count, regardless of its total height. These basophils are frequently smaller in size
and have fewer granules than do the basophils in a narmal blood-smear, but they are
clearly recognizable and provide a most characteristic component of the blood picture in
chronic locytic leuk ja. When the basophil count has been inordinately high,
making up from 50 to 8o per cent of the total leucocyte count, the designation * basophilic ™
or ““mast lencocyte™ lenkaemia has sometimes been applied. Forkner (1938) found rather

meagre data in the medical literature referring to 11 such cases, but concluded that most
if not all of these rep d merely an jon of the basophilia of chronic granul
cytic leukaemia, The question was further discussed by Doan and Reinhart (1941), who
found 5 possible cases among 300 with granulocytic leukaemia, but in more recent years
the di; is of b hulic leuk ia has very rarely been made. Nevertheless, occasional
reports have continued to draw attention to the occurrence of very high basophilia, usually
in otherwise typical chronic granulocytic leukaemia (Casey, Nettles and Hidden, 1946;
Lennert, Késter and Martin, 1956). A more remarkable phenomenon, described by Hule
{1950), was the presence of 28 to 35 per cent of finely or coarsely granular basophils in the
peripheral blood and go per cent of immature basophils in the marrow of a patient whose
clinical course was like that of acute leuk ia. It remains doubtful, however,
whether a 1 ia of the t hils exists.

Tissue Mast Cell Leukaemia

Morpholagically, tissue mast cells are clearly distinguishable in smears of blood or
marrow from basophil leucocytes. They have a small round nuclens and a relatively large
amount of cytoplasm, usually densely packed with basophilic granules (Plate XXVII,
Fig. 9). The precursors of the blood basophil have a nucleus almost filling the cell and a
light scattering of basophil granules over nucleus and cytoplasm alike, while mature
basoplnls. have an irregular polymorphous nuclens quite unlike that of the tissne mast
cell. This distinction is important since most cases reported as “mast cell” leukaemia
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refer to the ‘‘mast leucocyte” or basophil polymorphonuclear cell and not to the tissue
mast cell.

Only two cases of tissue mast cell leukaemia, proper, have hitherto been reported
(Efrati, Klajman and Spitz, 1957; Friedman ¢f al., 1958), but their relation on the one
hand to chronic granulocytic leukaemia and on the other to the skin disease, urticaria
pigmentosa, deserves brief consideration.

In chronic granulocytic leukacmia tissue mast cells, unlike basophil leucocytes, are not
significantly increased in haemopoietic sites or elsewhere, and do not appear in the peri-
pheral blood. In the case reported by Efrati and his colleagues there was scarcely any
increasc in granular leucocytes or their precursors in the blood, even when the total
nucleated cell count rose to 62,000 per cu. mm. At that stage there were 50,360 tissue
mast cells per ¢cu. mm. and only 6,200 segmented neutrophils, 620 stab cells and 207
neutrophil myelocytes per cu. mm. There was an cosinophilia, with 3,100 cells per cu. mm.,
and marked increase in eosinophils was also found in the spleen and bone marrow at
autopsy, but this finding of parallel eosinophilia and mast cell increase has been observed
in many mast cell disorders and appears more likely to be related to complementary func-
tions of these two cell types in histamine release and disposal (Riley, 1954), than to dual
involvement in a neoplastic or leukaemic process. In the case described by Friedman and
his associates, eosinophilia was not observed, and again there was very little leucocytosis
of normal granular cells, even when the peripheral nucleated cell count rose to 100,000
per cu. mm. Neither examination of the bone marrow nor histological studies of tissues
from many sites post mortem suggested myeloid proliferation or infiltration and the mast
cell form of leukaemia seems clearly separate from the chronic granulocytic form.

A great increasc in tissue mast cells has long been known to occur in the skin in urticaria
pigmentosa, and in recent years there has been considerable interest in the extension of
mast cell prohiferation to organs other than the skin. Ellis (1949) found numerous mast
cells in the lymph nodes, bone marrow and other organs of an infant with congenital
urticaria pigmentosa, and Sagher, Cohen and Schor (1952} described infiltration of the
bones in another case. A radiological survey of 45 patients with urticaria pigmentosa
disclosed bone lesions in 15, while increased numbers of mast cells have often been found
in bone-marrow smears from patients with this skin disease (Sagher, 1956). Invasion of
the peripheral blood by tissue mast cells was first reported by Hissard, Moncourier and
Jacquot (1951). Their patient showed skin lesions and mast cell infiltrations in the skin,
bone marrow and spleen, and although the disorder was regarded as a systemic masto-

cytosis of malignant cl , the term leuk ia might well have been applied. The
same is true of a case reported by Brodeur and Gardner (1956), where an erythematous
and urticarial skin rash in a 5-year-old boy was associated with hepato-splenomegaly and
mast cell infiltration of the bone marrow, lymph nodes and peripheral blood.

A range of mast cell disorders therefore appears to exist, {rom the purely cutaneous and
benign urticaria pigmentosa through various degrees of systemic mastocytosis to the highly
malignant picture of the “leukaemic” cases described by Efrati and Fnec.im:m and_tl'leu—
associates. The term leukaemia may reasonably be applied to these cases since the clinical

mbles that of leukaemia, with hepato-splenomegaly, anaemia and thrombo-
roliferation of mast cells, which are normally present in small numbers
involves the haemopoietic organs and peripheral blood, and includes

course rese
cytopcnia, and the p:
in the bone marrow,
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the app of mast cell p Both these leukaemic patients showed variable
skin lesions, but in neither was the picture that of urticaria pigmentosa, and mast cell
infiltration in the skin was absent in one case and slight in the other.

A further remarkable le of ic mastocytosis perhaps related to mast cell

) Y
leukaemia, but without infiltration of the bone marrow or invasion of the peripheral blood,
was feported by Ende and Chemiss (1958). Their patient, a 35-year-old man, was in-
vestigated for episodic flushing and vomiting and a haemorrhagic tendency. There was
marked spl Ty, mod h ly, and signs of hypersplenic pancytopenia.
There was no skin rash, Splenectomy led to the discovery of extensive mast cell infiltra-
tion of the spleen, and the authors suggested that the intermittent flushing attacks might
have been due to periodic histamine release from the mast cells. The patient remained
well and symptom-free, g months after splenectomy, at the time the report was written.
In this case, then, the mast cell proliferation appears to have been confined substantially
to the spleen, although the hepatic enlargement suggests that some degree of dissemination
maust have taken place,

Megakaryocytic Leukaemia

Megakaryocytic hyperplasia, often with a great increase in circulating platelets and the
presence of megakaryocytes or megakaryocyte fragments in the peripheral blood and even
infiltrating organs such as the spleen, liver and lungs, may be found in almost any of the

myeloproliferative diseases, including chronic locytic leuk ia, polycythaemia
vera, and myelofibrosis (Minot and Buck , 1925; Whitby, 1948). At times the hyper-
plasia of megakaryocytes and the platelet increase dominates the haematological picture
and the term megakaryocytic leuk ia or myelosis may then appear appropriate, but

such phases are generally temporary and conversion to one of the major myeloproliferative
diseases soon takes place (see also Chapter 16),

Under the term " aleuk ic megakaryocytic myelosis”, Favre, Croizat and Guichard
(1934) separated a group of cases showing marked enlargement of the spleen and liver, a
slowly progressive anaemia, 2 normal or leuco-erythroblastic nucleated cell picture in the
peripheral blood, and extensive megakaryocytic infiltration of the marrow, liver, spleen
and other organs. Similar syndromes have very often been reported under such names as
“myeloid yocytic hepato-spl ly” (Downey and Norland, 1939) and
“chronic non-leukaemic myelosis” (Carpenter and Flory, 1941}, and in some of these
cases megakaryocyte fragments have been numerous in the peripheral blood. The
majority of such reports probably referred to myel is, since in many cases of this
disease sections of the bone marrow reveal alternating areas of fibrosis and megakaryocytic
hyperplasia, Nevertheless, there is an undoubted place for the term megakaryocytic
myelosis to represent 2 rather ill-defined stage, of short or long duration, in which gross
hyperplasia of the megakaryocytes precedes the emergence of a more clearly defined
myeloproliferative state, especially myelofibrosis.

A second, much rarer, disorder presenting some parallels with leukaemic processes is
haemorrhagic thrombocythaemia. Cases have been described and the literature reviewed
by Rowlands and Vaisey (1938), Reid (1940), Mortensen {1948), Spangberg and Zettergren
(r949), Fanger, Cella and Lichtman (1954), Hardisty and Wolff {1955) and Woodrow and

v '
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Cope (1955). The disorder is characterized by venous thromboses and haemorrhages from
mucous membranes, and death may result from cerebral thrombosis or haemorrhage or
from severe bleeding from the gastro-intestinal tract. If there is much blood loss a hypo-
chromic microcytic anaemia may be found, but otherwise anaemia is not a prominent
feature, and indeed some cases have been definitely polycythaemic. Splenomegaly,
moderate in degree, is usual, but lymphadenopathy is not conspicuous. A marked poly-
morphonuclear leucocytosis commonly occurs, with total counts from 20,000 to 100,000
per cu. mm., chiefly mature cells, and there may be leuco-erythroblastosis. The blood
platelets are enormously i d in b sometimes hing a total of 4 or 5
million per cu. mm., and showing bizarre variations in size and shape. They may be
qualitatively defective in the thromboplastin generation test, and this deficiency presum-
ably accounts for the bleeding tendency, although the coagulation time of whole blood
remains within normal limits and the bleeding time is little prolonged. The bone marrow
shows very numerous and atypical megakaryocytes and at post-mortem examination
megakaryocytes or fragments are found in various organs. Proliferation of granulocyte
precursors is not excessive and there is no suggestion of chronic granulocytic leukaemia.
The disorder clearly falls within the group of myeloproliferative diseases, and is perhaps
most closely related to polycythaemia vera.

Mention should finally be made of the so-called acute megakaryoblastic leukaemia of
Boros and Korenyi (1931). This case appears in retrospect to be one of acute myelo-
monocytic leukaemia and no examples of megakaryoblastic leukaemia have subsequently
been reported.

Plasma Cell Leukaemia

A few abnormal plasma cells (Plate XXVIII, Figs. 10 and 1x) commonly appear in the
peripheral blood at some stage during the course of multiple myeloma, and occasionally
peripheral plasmacytosis may be a constant and conspicuous feature in individual cases.
It is to such cases that the term plasma cell leukaemia has sometimes been applied. The
reports of Osgood and Hunter (1934), Patek and Castle (1936), Reiter and Freeman (1937),
Newman ¢ al. (1952) and Briicher and Weicker (1955) refer to patients having a clinical
course like that of acute or subacute leukaemia, with progressive anaemia, and leucocyte
counts ranging from 10,000 to 90,000 per cu. mm., with plasma cells invariably present
and sometimes overwhelmingly predomi At autopsy plasma cell infiltration was
usnally conspicuous in the spleen, liver, and lymph glands, as well as in the bone marrow.

There seems little real justification for separating these cases from multiple mye.lcma:
they show the same type of abnormal plasma cell morphologically, usun!ly.' have a similar
hyperglobulinaemia, and may show Bence-Jones proteinuria. Their clinical course cer-
tainly tends to be more acute than the average for multiple mygloma, but t'lns is to be
f a rapidly disseminating variety of the disease. Whitby and Britton (1957)
ve chief clinical types of multiple myeloma, those with diffuse or patchy marrow
with plasma cells but no blood changes, those with multiple destmct'we bone
0od invasion, those with tumours in bone and elsewhere and with a few
Ils in the circulation, those with minimal bone destruction but a high
heral plasma cells, and finally those with extensive infiltration of the
ra and Jarge numbers of plasma cells in the blood.

expected o
recognize fi
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percentage of perip!
marrow and the visce



LEUKOSARCOMA 299

It is clearly not reasonable to sepam(e one or other of these closely related variants as

p ly ; there is no fund: tal difference between them.
Lympt coma Cell Leul ia (Leuk comay
Stemberg (1915) apphed the term Ieukosarcoma to a condition in which an infiltrating
ly d withal blood picture. Since that time much has

been written on the association of lymphoblastic or lymphocytic leukaemia and localized

malignant tumour formation in lymph nodes, but the complexities of lymph-node

histology, the lack of uniform terminology both for cells and for pathologlca.l states, and
and

the existence of transitional clinical patterns have p: d any
acceptable differentiation between leuk ia proper and lympt with i
of the blood.

Gall and Mallory (1942), for example, were often unable to differentiate histologically
between the Jymph glands from clinically and haematologically leukaemic patients and
those from clinically lymphosarcomatous patients, with no blood involvement. They
therefore preferred the terms lymphoblastic or lymphocytic lymphoma, and applied them
to cases showing respectively immature or mature Iymphocytic proliferation in the lymph
nodes regardless of \vhether there were blood changes or not. They did not recognize any

special features distinguishing the circul cells from the lymphocytes
or lymphoblasts of chronic or acute leukaemm Many histologists agree with this view of
the essential identity of “1, h * and leuk fa of the lymph cell series,

and regard the relationship of primarily nodal disease to generahzed leukaemia as strictly
comparable with that of mulhple my eloma to plasma cell leukaemia (see also Chapter 16).
On the other hand, many h )l and most chnicians believe the distinction
between lymphosarcoma and leukaemia to be useful and valid, pointing out that the
majority of patients with lymphosarcoma never develop leukaemic changes in the blood
or bone marrow, that they require a different therapeutic approach and have a different
Pprognosis. Moreover, cytological distinctions have been drawn between the lympho-
sarcoma cells found in the blood when invasion from a lymphosarcoma does take place
and the cells of acute or chronic Jymphocytic leukaemia (Wiseman, 1936; Isaacs, 1937;
Bethell 1942) ‘When smears are stained with brlliant cresyl blue and counterstained by
ky method, the lymph cells show a large single nucleolus, eccentric-
a.lly placed and standing out as a sky-blne area surrounded by a dense rim of nucleolus-
associated chromatin, whereas lymphocytes show no nucleolus and lymphoblasts a much
less conspicuous one without the heavy chromatin rim. Phase-contrast examination also
reveals the much larger and darker leals of the lymph cell (Moeschli 1949)
Apart from the leok: 1 cells ing in the blood in
patients with the clinical history and signs of Iymphosarcoma are usually larger than
mature lymphocytes, being commonly 10 to 15 g in diameter, and possess a more baso-
philic cytoplasm than that of the lymphocyte, while the nuclear structure, despite the
existence of a nucleolus, is coarsely chromatic, and the nuclear outline often kidney-
shaped er indented. In cytoplasmic basophilia it bles a lymphoblast, but the nucleus
is too pachychromatic, the nucleolus too large and i and the nucleol
ated chromatin too dense, for the resemblance to be more than superficial,

i-
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The frequency with which invasion of the blood stream occurs in lymphosarcoma is
impossible to ascertain at present, b of the discrepancies in lature and
hacmatological and histological interpretation referred to above, but it seems likely that
perhaps a third of all cases will show this phenomenon, at least terminally (Isaacs, 1937).
Tt is certainly by no means uncommon, since Hauswirth, Rosenow and Lansman (1948)
were able to collect more than 150 casc reports of the occurrence, In a considerable
majority the primary nodal involvement has been mediastinal (Flashman and Leopold,
1929; Bogart, 1940}, but many other primary sites have given rise to dissemination,
including retroperitoneal and mesenteric lymph nodes, cervical or axillary nodes, and
lymphosarcomatous tumours of the tonsils or nasopharynx, in the skin, bones, meninges,
intestine, breast, prostate and other organs. There is evidence that irradiation may some-
times stimulate the invasive phase to develop, since the change from non-leukaemic
lymphosarcoma te lymphosarcoma cell leukacmia has often been found to follow rapidly
after radiotherapy (Kato and Brunschwig, 1933; Hauswirth ¢f al., 1948).

Even during the non-leukaemic phase of lymphosarcoma, when the peripheral leucocyte
count is not grosslty abnormal, careful examination of the mononuclear cells is likely to
reveal a small percentage with the characteristics of lymphosarcoma celis. When the
circulation is actively invaded, however, the leucocyte count rises rapidly to levels of
30,000 £0 150,000 per cu. mm, and over o per cent of the cells may be lymphosarcomatous.
Concomitantly with this increase the haemoglobin tends to fall and, later, thrombocyto-
penia develops. As in chronic lymphocytic leukaemia, there may be an auto-immune
haemolytic element in the genesis of anaemia, and when this is so, treatment with cortico-
steroids may provide relief.

Once the leukaemic phase has developed, the prognosis in lymphosarcoma becomes
more grave, the majority of patients dying within a year. Treatment is unsatisfactory,
since the response to irradiation, though usually rapid, is very short-lasting, and toxic
reactions are often severe. Chemotherapy with antimitotic agents and corticosteroid
hormones may be effective in reducing the gland masses and the peripheral leucocyte
count but sut ial remissi; are Nevertheless, occasional patients have
been known to survive up to 1o years after the onset of the leukaemic phase.

Chronic Monocytic Leukaemia

While granulocytic and lymphocytic leukaemias have clearly recognizable acute and
chronic forms, monocytic leukaemia almost invariably runs an acute course and the
chronic form of the disease has rarely been observed and reported. Sinn and Dick (1956),
in a review of the literature, found a total of only 14 adequately reported cases in which
the total duration of the disease was greater than 1 year fron! t.h.e first qbkus onset of
symptoms or in which the blood and marrow did not.show initially evidence f’f acute
Jeukaemia, monocytic infiltration only becoming prominent after some months’ illness.
To these cases the authors added 8 of their own. Most patients presented “‘!lt}l an initial
preleukacmic phase characterized by anaemia, leucopenia, thrombocytopem:} and a non-
leukaemic bone matrow, either hypoplastic or norm;nlly cellular. A progressive but slow
deterioration, sometimes punctuated _by short_ remissions, .evcx.ztually culminated in an
acute monocytic leukaemic picture, with a rapid fatal termination.
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Cases of this sort are certainly not related to acute monocytic leukaemia as chronic
to acute granulocytic, or chronic to acute lymphocytic, They seem to resemble much more
closely other acute Jeukaemias having an unusually prolonged course and perhaps an
aplastic or preleukaemic initial phase, and should be regarded as slowly developing acute
leukaemias rather than chronic ones.

A more genuine parallel to ather forms of chronic leukaemia is shown by the monocyte
involvement often seen in chronic granulocytic leukaemia, This monocytic-myelocytic
picture, often with 20 to 50 per cent of mature monecytes, seen in an otherwise typical
chronic granulocytic leukaemia, provides the “chronic” parallel to acute myelomonocytic
Jeukaemia of the Naegeli type. No distinguishable chronic form of the Schilling type of
monocytic leukaemia is known,

1 1o Botieuto—endatholias]

The term leukaemic reticulo-endotheliosis has been applied to cases having the general
characteristics of leuknemia, but with hyperplasia of reticulo-endothelial cells in the
haemapoietic organs and the appearance of free “reticulum cells” or Ristiocytes in the
blood (Ewald, 1923; Downey, 1938; Fieschi, 1942; Relding, Daland and Parker, 1955;
Bouroncle, Wisernan and Doan, 1958).

The disease is extremely rare and difficult to identify, but from a study of 26 cases

and her coll ibed it as occurring in adults, chiefly males, and as
having an insidious onset with k bdominal pain, fever and a brussing tendency.
There was mod or gross spl ly in nearly all cases, and sometimes slight
h ly and lymph y. Three patients showed skin mfltrates. Clinically

th; course of the disease varied from acute, with survival less than a year, to very chronic,
with survival 16 years.

Haematologically anaemia, leucopenia and thrombocytopenia were usuaily found,
although the lencocyte count was sometimes raised. Bone-marrow aspiration usually
proved difficult, but when successful revealed from 30 to go per cent reticulum cells.
Similar cells were found in variable numbers in the peripheral blood. Histological exam-
ination of the viscera post mortem showed wmcreases in reticulum cells in many organs,
especially the liver and spleen. The lymph nodes and bone matrow also showed extensive
infiltration with reticnlum cells.

Cases with an acute course clinically resembled acute leukaemia, while those with chronic
course simulated myelofibrosis, but the finding of reticulum cells in the blood and bone
matrow enabled the diagnosis to be made.

These forms of leuk ia may rep invol of cells less di
ated than the myeloblast, lymphoblast or b
endothelial cells, but their precise origin and relation
has not yet been determined.

, namely the primitive free reticulo-
to other myeloproliferative diseases

Mixed Leukaemias

1 i proliferation involves more than one cell series; we have seen
that both monocytic and myeloblastic cell lines are involved in myelomonocytic leukaemia,
and that concurrent erythraemic myelosis may be found in myeloblastic and monocytic
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levkaemias, while megakaryocytic byperplasia often co-exists with chronic granulocytic
lewkaemia, The mixed occtitrences, transitions and oveslap seen generally in the myelo-
proliferative diseases and the comparable interrelationships in the lymphoprolifesative
discases will be discussed further in Chapter 16, The term *mixed leukaemia”, however,
has been used to refer to the combined involvement of myelogenous and lymphogenous
tissue in o leukacmic process, It is doubtiul whether any of the reported cases of this
combination will withstand serutiny, Those in which adequate haematological details
were reported appear to be examples of mycloblastic lmnsformatxon mxsmkenly mter-
preted as Iymphocytic proliferation, in chronic g locytic Jeuk or )
polymorphanuclear !eucocytosxs in chronic lymphocytlc } ia. If mixed Jeuk

in this sense occurs at all, it must be excessively rare.
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CHAPTER 16
THE NATURE AND NOSOLOGY OF LEUKAEMIA

Leukaemoid Reactions and Paraleukaemic States

THE nature of leukaemia and its place among related diseases are vexed questions. The
acute leukaemias usually differ so sharply from the chronic leukaemias, both in clinical
course and haematological manifestations, that it is tempting to regard them as separate
diseases; yet intermediate and transitional forms exist. Chronic lymphocytic and granulo-
cytic leukaemias are haematologically distinct, without overlap, yet they are clinically
similar in many respects and are further united by their common relationship to the acute
Jeukaemias.

Aplasia of haemopoietic tissue may precede the onset of leukaemia, develop as a tem-
porary phase during the course of the disease, or provide the terminal manifestation, and
must certainly, if paradoxically, be regarded as a potentially paraleukaemic disorder.

Myelogenous leuk ias and erythraemias, both acute and chronic, show a close
relationship to other myeloproliferative diseases, while lymph us leuk jas are
similarly related to a perplexing variety of lymphoproliferative states. These relationships
are more than superficial, since genuine transitions undoubtedly occur between the leuk-
aemias and supposedly non-leukaemic myeloproliferative and lymphoproliferative states,
and intermediate conditions are not rare.

Less closely related to leul ia are the leuk id reactions, in which superficial but
sometimes striking resemblances to leukaemia arise during the course of essentially
different diseases. Tuberculosis is one such disease, the causative bacillus apparently
being capable, in a small proportion of cases, of inducing haematological changes similar
to those not only of leukaemia, but also of other myeloproliferative states and of marrow
aplasia.

PFina.]ly, the relationship of leukaemia to the generality of neoplastic processes requires
consideration. This question excited much interest some years ago, before the concept of
conditioned and dependent neoplasms became established, but the borders of neoplastic
pathology are now so ill-defined that there is ample room for leukaemia to be placed upon
them, neither firmly within nor unquestionably without the neoplastic fold.

The relationship of aplasia to leukaemia

The numerous case reports illustrating different aspects of this relationship may be
to three categories (Hayhoe, 1957). . .
ition may occur from an apparently typical aplastic state, with anaemia,
nd thrombocytopenia in the peripheral blood, and an ap.last!c or hypoplastic
n primitive cells, to an acute leukaemic picture. The pre-
many closely studied cases appears to have been genuine,

grouped in

1. Trans
lenkopenia & y >
marrow showing no increase 1
Jeukaemic aplasia observed in
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since repeated marrow punctures at different sites during the aplastic phase failed to
disclose any increase in primitive cells (Mallarmé, 1949; Williams, 1955; Hayhoe, 1957).
Furthermore, a frankly leukaemic picture has not invariably developed within a period
of weeks, as might be expected if the supposed aplasia were in reality an aleukaemic
leukaemia with hypoplastic or diluted marrow, the primitive cells having been mis-
interpreted as lymphocytes. In the case reported by Williams the preleukaemic phase
extended over a period of g years, during part of which a retumn to a normal haematological
picture occurred, while in other cases the aplastic stage was succeeded by a peniod of
several weeks or months’ remission before leukaemie changes became manifest. It is not
unlikely that this pattern of events will be observed more commonly now than in the past,
since, as Mallarmé (1949) and Block, Jacobson and Bethard (1953) have suggested, many
patients who would earlier have died in the preleukaemic phase now survive long enough
with antibiotic and steroid therapy to allow the evolution of the disease to be completed.

The separation of preleukaemic aplasia from aplastic cytopenic states with no tendency
to convert to leukaemia does not yet appear possible on cytological or clinical criteria.
The distinctive cytochemical features of the leucocytes in some forms of leukaemia may
prove helpful in this respect, if similar cytochemical characteristics are found in the
leucocytes of preleukaemic aplastic states but not in those of non-leukaemic aplasia, but
studies in this connection have not yet been reported.

2. Aplastic phases may develop during the course of untreated acute leukaemias, and
such phases not uncommonly precede the onset of spontaneous remissions. A very stnking
example of this sequence was reported by Bassen and Kohn (1952), whose patient had
experienced four remissions of acute leuk i iated with specific anti-leukaemic .
therapy other than transfusions, and in each case preceded by marrow hypoplasia with
peripheral pancytopenia, It is, of course, true that remissions induced by antimetabolites
frequently develop after a transitory phase of therapeutically-induced aplasia, and such a

preliminary aplastic phase is therefore common to both spontaneous and induced
remissions,

While the emergence of peripheral pancytopenia and medullary hypoplasia during the
course of acute leukaemia may accordingly be regarded as a hopeful sign that remission
may shortly follow, whether the patient is under active treatment or not, this optimistic
interpretation is not always justified, for the aplastic state may prove terminal, or relapse
to full leukaemia may take place without any interim period of normal haemopoietic
activity. When death occurs in an aplastic phase, there may be little histological evidence
of leukaemia to be found in the organs and tissues, even though gross leukaemic changes
had been present in the blood and bone marrow 2 or 3 weeks before death, Nevertheless,
careful study of many sections of the bone marrow will usually reveal some islands of
leukaemic tissue. Indeed, Stodtmeister and Buchmann (1941) claimed to have found
small nests of leukaemic cells at thorough post-mortem examination in many cases of
supposed idiopathic aplastic anaemia of children, and it is probable that these cases were
examples of preleukaemic aplasia or of aplasia developing as a terminal feature of un-
diagnosed acute leukaemia.

3. Cases falling into the third category illustrate a rather different aspect of the relation-
s}up_ between leukaemic changes and marow failure, They concern peripheral pancyto-
Ppenias with variable marrow changes which never develop into frank leukaemia although
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sometimes showing a substantial increase in primitive cells in the marrow. The cytological
stages in the genesis of artificially induced granulocytopenia have been studied by
Moeschlin and his associates (1954), who demonstrated that maturation arrest might
involve successively more and more primitive stages in the chain of granulocyte develop-
ment, until arrest at the myeloblast-promyelocyte stage developed, lending the marrow
a close resemblance to that of acute myeloblastic leukaemia, although the peripheral blood
showed the picture of agranulocytosis. Still later, complete medullary failure ensued.
Although neither the spontaneous nor the experimentally induced cytopenias are leuk-
aemic in nature, they are of great interest in showing how a morphological picture like
that of leukaemia can result from a non-malignant disturbance of cell maturation, while
a further consequence of the same disturbance may be aplastic marrow failure,

Speculation on the nature of leukaemia and its aetiology and pathogenesis must clearly
be influenced by the close relationship of lenkaemia to aplasia, since hypotheses applicable
to the former must relate also to the latter, at least in its paraleukaemic forms.

Leukaemia among the myeloproliferative states

We have seen already that myelogenous forms of leukaemia, that is, those arising from
leucocyte precursors in the bone marrow, are frequently associated with concurrent pro-
liferation of other haemopoietic elements in the marrow. The increase in megakaryocytes
and the peripheral thrombocytosis commonly observed in chronic granuloeytic leukaemia
and the not infrequent develop of erythrobl is in acute myeloblastic and mono-

« cytic leukaemias illustrate this association. Since Heuck (1879) first drew attention to the
association of fibrosis in the bone marrow with a blood picture resembling that of chronic
granulocytic leukaemia, the existence of extramedullary haemopoiesis and peripheral
leuco-erythroblastosis of varying degrees in myelofibrosis and osteosclerosis came to be
increasingly recognized. The extramedullary h potesis or myeloid plasia in these
conditions was long regarded as a dary, p tory ph resulting from
overcrowding of the marrow with fibroblastic tissue and the consequent inability of
marrow haemopoietic tissue to continue multiplying in the normal site. From careful
histological studies of pathological material from cases of myelofibrosis, Vaughan .and
Harrison (1939) concluded, however, that this explanation was not satisfactory, since
extension of haemopoietic sites within the marrow more than compensate_d f{)r the‘ﬁbro—
blastic proliferation and enabled the total erythropoietic and leuc'opoie.tlc tlssue' in the
marrow to reach or exceed normal amounts. Megakaryocytic proleeratxon. was, mde_ed,
greatly in excess of normal. These authors suggested that some unknown. stxmglus acting
on the primitive mesenchymal reticulum' cell.might be responsible for proliferation of both
its haemopoietic and its fibroblastic derivatives. . . L

This concept of a myelostimulatory factor acting upon the xfmltfpote_ntxal primitive
mesenchymal cells of the marrow or their more dxffcre'nhatedAdcnvatxves is paralleled by
the concept of myeloproliferative diseases: among which are included not only suc'h \I\)'elil

recognized states as myelogenous leukaemias, }?olycythafemla vera, and myel_o_ﬁbrqsnf;net;_
also the erythraemic myeloses, 'mega}(ary("cync myelosis and all theI transxtugxa 3 lhek
mediate and mixed forms of proliferative disease of the bone-marrow elements (Dameshek,

1951)-
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The chief evidence in favour of the fundamental interrclationship of these myelopro-
liferative diseases lies in the innumerable clinical and pathological transitions and overlaps
observed between them. Some of the transitional states and mixed proliferations have
been mentioned bricfly in earlier chapters, but the whole question of the relation of
leukaemia to other mycloproliferative disorders is so important that the problem now
requires closer consideration.

The cellular elements derived in the bone marrow from the mesenchymal reticulum cell
include myclobl and g locytes, erytt ts and erythrocytes, megakaryocytes
and platelets, and fibroblasts and fibrocytes. These clements may proliferate singly, in
sequence, or in combination. Under normal conditions fibroblastic activity in the marrow
is slight, while the balance of proliferative activity among the other elements is maintained
by uncertain physiological mechanisms so that the constitution of the blood remains
roughly constant. A sudden change in the peripheral blood calling for haemapoietic
activity, such as results from severe haemorrhage, leads to concurrent proliferation of all
differentiated marrow elements except fibroblasts, and the development of leucocytosis
and thrombocytosis as well as reticulocytosis and increase in red cells. This combined
response to physiological stimulation itself suggests that pathological hyperplasia of the
marrow cells may be expected to involve more than one cell series in at least a proportion
of proliferative disorders.

Polycythaemia vera provides perhaps the best example of mixed and transitional
myeloproliferation. Shortly after Vaquez (1892) and Osler (1go3) had described the
disease as a separate entity involving a great increase in the number of circulating red
cells, Tiirk (zgo4) observed that the granulocytes were often also substantially increased,
and that precursor cells of both red and white cell series were frequently present in the
peripheral blood. He suggested that the primary hyperplastic state in the marrow
affected leucoporetic as well as erythropoietic tissue. Thrombopoiesis was later observed
to be d, with t tosis in the blood and numerous megakaryocytes in
the marrow and in sites of extramedullary haemopoiesis, and the hypothesis that poly-
cythaemia vera is a panmyelosis, mvolving proliferation of all haemopoietic marrow

) with erythropoietic activity predominating, became blist

Subsequent studies of many polycythaemic patients throughout the whole course of
their disease revealed that the prominent erythrocytosis which originally gave the disease
its name was only one aspect of a complex process capable of evolution in diverse though
related ways. Descriptive accounts given by such writers as Minot and Buckman (1g23),
Rosenthal and Bassen (1938), Schwartz and Ehrlich (1950), Dameshek (1950), Wiseman
etal. (1951), Lawrence, Berlin and Huff (1953) and Wasserman (1954) have greatly clarified
the evolutionary sequence and provided a logical explanation of the common patterns of
clinical and pathological development seen in this disease.

During the carly stages a gradual increase in erythropoietic activity takes place, with
expansion of the red marrow throughout the whole skeleton. Accompanying this pro-
ILiferation a less-marked hyperplasia of lopoietic and thrombopoietic tissues occurs.
‘When the increase in red cell mass and blood volume has become sufficient to produce
symptoms and thus lead to the establishment of the diagnosis, the proliferative process
has probably been in force in most cases for several years, and at this time examination
of the peripheral blood shows typically a pancytosis, with erythrocytes numbering from
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7 to 12 million per cu. mm., leucocytes usually between 10,000 and 40,000 per cu. mm.,
and platelets commonly more than a million per cu. mm. The predominating leucocytes
are neutrophil polymorphonuclear cells, but a few metamyelocytes and myclocytes are
nearly always to be seen, and in perhaps 30 per cent of cases the leucocyte count is so high
and the immature forms so conspicuous that the blood picture of chronic granulocytic
leukaemia is closely simulated. Erythroblasts are also commonly present in small num-
bers. Bone-matrow aspirates show hyperplasia of all haemopoictic clements, with
erythroblasts predominating.

This erythraemic phase of the discase may last many years without substantial change
in proliferative emphasis, although as the hyperplastic stimulus continues there is a
tendency for extramedullary sites of potential haemopoietic activity to become functional,
and the spleen, liver, and sometimes lymph glands enlarge. Splenomegaly may be con-
siderable during the latter part of the erythraemic phase, and the development of marked
splenomegaly usually heralds the next evolutionary stage. This involves a gradual failure
of erythropoietic activity in the bone marrow, reflected in the peripheral blood by a return
to normal of the erythrocyte count and later by a slowly progressive anaemia. The marrow
now shows reduction in erythroblasts and picuous increase in granulopoictic cells,
megakaryocytes, reticulum cells and fibroblasts, a picture intermediate between that of
chronic granulocytic leukaemia and that of myelofibrosis. Since the haemoglobin level
and red cell count may remain roughly normal for many months during the phase of
declining erythropoiesis, this phase appears in a sense as a remission of the polycythaemic
process. Nevertheless, leucocytosis and thrombocytosis are usually prominent and
precursor cells of both red and white cell series are to be found in the blood, giving a
leuco-erythroblastic picture. The cytology of the red cells is generally bizarre, with much
anisocytosis and poikilocytosis, and many of them are certainly being formed in extra-
medullary sites.

Both the erythraemic stage and the stage of partial erythropoietic failure may last
several years, and since polycythaemia vera is a disease of the middle-aged or elderly,
death may occur from complications of hypervolaemia, or from unrelated causes during
one or other of these stages, but some 20 or 30 per cent of patients survive long enough
to manifest further evolutionary developments. These are of several possible kinds.
Perhaps the commonest arises from the continued overgrowth of fibroblasts in the bone
marrow so that marrow aspiration is no longer possible and surgical biopsy reveals gross
fibrosis, with numerous megakaryocytes and occasional reticulum cells and myelocytes in
the interstices of the fibrous tissue. Hepatosplenomegaly increases greatly, with extra-
medullary I poiesis largely replacing the marrow function, but anaemia becomes
inexorably more severe, the high levels of leucocytes and platelets fall, ar}d aI'though
leuco-erythroblastosis persists, there is thrombocytopenia and often gr penia, and
death oceurs from anaemia, infection or haemorrhage. X

‘Alternatives to the overgrowth of fibroblasts in the marrow with a myelofibrotic
termination are predominating proliferations of white cell precursors or megakaryocytgs,
giving terminal pictures of acute or chrf)mc myelogenops Jeukaemia, or megakgwpcytxc
myelosis. Patients treated by venesection algne occasionally develop leukaemia in the
final stages of their disease, but this complication has appeared to be morsl: common aftexf—
treatment with radioactive phosphorus. Adequate follow-up studies on large groups o
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The chief evidence in favour of the fundamental interrelationship of these myelopro-
liferative discases lies in the innumerable clinical and pathological transitions and overlaps
observed between them. Some of the transitional states and mixed proliferations have
been mentioned briefly in earlier chapters, but the whole question of the relation of
leukaemia to other myeloproliferative disorders is so important that the problem now
requires closer consideration.

' The cellular elements derived in the bone marrow from the mesenchymal reticulum cell
include myeloblasts and granulocytes, erythroblasts and erythrocytes, megakaryocytes
and platelets, and fibroblasts and fibrocytes. These clements may proliferate singly, in
sequence, or in combination. Under normal conditions fibroblastic activity in the marrow
is slight, while the balance of proliferative activity among the other elements is maintained
by uncertain physiological mechanisms so that the constitution of the blood remains
roughly constant. A sudden change in the peripheral blood calling for haemopoietic
activity, such as results from severe haemorrhage, leads to concurrent proliferation of all

differentiated matrow el except fibrobl and the develop of leucocytosis
and thrombocytosis as well as reticulocytosis and increase in red cells. This combined
ponse to physiological stimulation itself that pathological hyperplasia of the

marrow cells may be expected to involve more than ene cell series in at least a proportion
of proliferative disorders.

Polycythaemia vera provides perhaps the best example of mixed and transitional
myeloproliferation. Shortly after Vaquez (1892) and Osler (1go3) had described the
disease as a separate entity involving a great increase in the number of circulating red
cells, Tiirk (19o4) observed that the granulocytes were often also substantially increased,
and that precursor cells of both red and white cell series were frequently present in the
peripheral blood. He suggested that the pnmary hyperplastic state in the marrow
affected leucopoietic as well as erythropoietic tissue. Thrombopoiesis was later observed
to be exaggerated, with thrombocytosis in the blood and numerous megakaryocytes in
the marrow and in sites of extramedullary haemopoiesis, and the hypothesis that poly-
cythaemia vera is a panmyelosis, involving proliferation of all haemopoietic marrow
elements, with erythropoietic activity predominating, became established

Subsequent studies of many polycythaemic patients throughout the whole course of
their disease revealed that the prominent erythrocytosis which originally gave the disease
its name was only one aspect of a complex process capable of evolution in diverse though
related ways. Descriptive accounts given by such writers as Minot and Buckman (1g23),
Rosenthal and Bassen (1938), Schwartz and Ehrlich (1930), Dameshek (1950), Wiseman
etal. (1951), Lawrence, Berlin and Huff (1953) and Wasserman (1954) have greatly clarified
the evolutionary sequence and provided a logical explanation of the common patterns of
clinical and pathological developruent seen in this disease.

During the early stages a gradual increase in erythropoietic activity takes place, with
expansion of the red marrow throughout the whole skeleton. Accompanying this pro~
liferation a less-marked hyperplasia of lopoietic and thrombopoietic tissues occurs.
When the increase in red cell mass and blood volume has become sufficient to produce
symptoms and thus lead to the establishment of the diagnosis, the profiferative process
has probably been in force in most cases for several years, and at this time examination
of the peripheral blood shows typically a pancytosis, with erythrocytes numbering from
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at one time granulopoiesis may pred

at another fibrosis.

In the majority of patients with this disease the fibrotic element is most prominent and
the condition can be differentiated without difficulty from myelogenous leukaemia, since
the leucocyte count in the peripheral blood is not greatly increased, immature cells are not
numerous, the bone marrow is intensely fibrotic, and the illness tends to run a prolonged
chronic course. Biopsies of the enlarged spleen and liver reveal active extramedullary
h poiesis without granulopoietic predominance. Among these cases are many where
such factors as extrinsic poisons, liver disease, endocrine discase, chronic haemorrhage
or haemolysis, or cardiovascular disease may have played some aetiological role, perhaps
by causing damage to the bone marrow through direct toxic action or metabolic deficiency,
the subsequent hyperplasia of resistant fibroblastic tissue being initially reparative as in
hepatic cirrhosis (Wyatt and Somers, 1950).

In other cases, however, the relationship to leu} ia is morphologically and clinicall;
very remarkable, and it may be impossible to differentiate the two diseases, since charac-
teristic features of both may be present at the same time, or may follow one another
during the progress of the illness in an individual patient. This relationship is well
illustrated by a series of 10 cases reported by Hutt, Pinniger and Wetherley-Mein {1953).
Two of the patients proved to have relatively pure disease processes, although the blood
findings were initially equivocal. The first presented with splenomegaly and a slight
neutrophil leucocytosis accompanied by some granulocytic hyperplasia in the bone mar-
row, but without anaemia. After 3 years the spleen had enlarged to below the umbilicus,
the liver was palpable and the peripheral leucocyte count had risen to 34,000 per cu. mm.,
chiefly mature polymorphs. Sternal marrow examination and rib biopsy revealed intense
hyperplasia of granulocytes with increase in primitive cells and megakaryocytes but no
fibrous tissue and no increase in reticulin fibrils, thus confirming the diagnosis of chronic
granulocytic leukaemia. The second patient had a rapidly progressive aplastic state, with
anaemia, neutropenia and thrombocytopenia, slight generalized lymphadenopathy but no
hepatosplenomegaly. A few primitive cells were later found in the peripheral blood and
three attempts at marrow aspiration were unsuccessful. Rib biopsy showed replacement
of normal structure by proliferating fibroblasts with massive increase in reticulin fibrils.
Despite the extreme marrow fibrosis, there was no evidence at autopsy of extramedullary
erythropoiesis, and sections of the spleen and lymph nodes showed only some hyperplasia
of reticulum cells with increase in reticulin in the interfollicular spaces. The diagnosis of
myelofibrosis without myeloid metaplasia was established. The remaining 8 cases showed
mixed proliferations of various cell combinations, including reticulum cell hyperplasia an.d
fibrous tissue formation in the marrow of a patient with an othfzrwise _typigal chronic
granulocytic Jeukaemia, marked gr;nulocytlc and megak.aryocytxr{ proliferation in q:e
marrow and spleen of a patient with .leuco—erythr.oblashc anaemia and myeloﬁl_:msw,
increased granulopoiesis, megakaryocytic hyperplasia ant_l fibrosis of the marrow in the

later stages of an initially erytlfraemic case of po.lycythaemxa vera, anda nuprex: of f urther
examples of mixed gtnnu!ocytlc, megakaryocytic :End.ﬁbioblastxc pr011f§rafl°ﬂ In patients

ith no polycythaemic hxsto_ry. The authors mp 1 that no 4 e\:’ldence of
- poiesis could be found in any case except that of terminal poly-

erythro] . h
i;:?;:;?: n;yl;}é th};y interpreted the foci of granulopoiesis, megakaryocytic hyperplasia,

te, at another megakaryocytic hyperplasia, and
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patients treated before the introduction of P32 are not available, but it seems probable
that about T0 or 20 per cent of patients treated by venesection and phenylhydrazine
developed apparent leukaemia, usually of the chronic granulocytic type. More recent
studies on large series of internally irradiated patients show leuk ia incid: of from
10 to 30 per cent, the great majority of the terminal leukaemias being acute myeloblastic
, (Stroebel, Hall and Pease, 1951; Wisermnan ¢f al.,, 1951; Lawrence et al,, 1953; Wasserman,
19s4). It is far from certain, however, that irradiation is dircctly responsible for the
i d incid of acute leuk ia, The tendency for leukaemic changes to develop
doubtedly i with prolonged survival, and Tinney, Hall and Giffin (1945) found
leukaemia in as many as 86 per tent of polycythaemic patients whose disease had lasted
over 15 years. Treatment with radioactive phosphorus has been shown to prolong the
life-span of patients with polycythaemia vera very substantially and it scems reasonable
to suppose that many patients who would earlier have died in the erythraemic phase of
the discase now live long enough for the natural myelofibrotic or leukaemic end-stages to
develop.

The terminal pathology is usually complex, since even when leukaemic or myelofibrotic
changes clearly predominate, proliferation of other cell series is to be found, and fibro-
blastic hyperplasia accompanies the myeloblastic proliferation in the leukaemic marrow,
while myeloblasts may be numerous in the blood and in the marrow in myelofibrosis.
Megakaryocytic hyperplasia may be so conspicuous as to dominate the marrow picture
and suggest the diagnosis of megakaryocytic myelosis, but again hyperactivity of fibro-
blastic and lopoietic tissue is ly present, while a less striking but quite
evident increase in megakaryocytes is invariably present in the myelofibrotic terminal
picture and commenly in the leukaemic one.

Although the pattern of development of polycythaemia vera, with its associated and
sequential proliferations of the various marrow cell series, usually passes from the erythrae-
mic phase to one of leuco-erythroblastic anaemia or myeloid metaplasia and thence to a
fully developed myelofibrosi yelog: leuk ia or karyocytic myelosis, or to
a mixed terminal proliferative state, transitions in a reverse direction have sometimes
been observed. Calabresi (1958) collected four examples from the literature and reported
2 fifth case of chronic granulocytic leukaemia in which a polycythaemic picture developed
after radiation treatment of the leukaemia. These cases, though rare, provide further
support for the fundamental similarity of leukaemic and erythraemic myeloproliferation.

The terminal stages of polycythaemia vera in which marrow fibrosis and megakaryo-
cytic hyperplasia predominate are closely similar both clinically and haematologically to
many cases reported variously under the names myelosclerosis, myelofibrosis, aleuk i
megakaryocytic myelosis, agnogenic myeloid metaplasia, myeloid megakaryocytic hepato-

1 and chronic leul ic myelosis (see also p. 297). Despite the confusing
variety of titles, these cases appear to be fundamentally similar. They show proliferation
of fibroblasts and megakaryocytes in the marrow, enlargement, often very great, of spleen
and liver, deficient red cell formation and a leuco-erythroblastic anaemia, with varying
numbers of immature red and white cell precursors in the peripheral blood. As we have
seen, this is precisely the picture to be observed in the later stages of many cases of poly-
cythaemia, and the variations in proliferative emphasis between different marrow elements
already described in polycythaemia are also found in the non-polycythaemic cases, so that
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at one time granulopoiesis may predominate, at another megakaryocytic hyperplasia, and
at another fibrosis.

In the majority of patients with this disease the fibrotic element is most prominent and
the condition can be differentiated without difficulty from myelogenous leukaemia, since
the leucocyte count in the peripheral blood is not greatly increased, immature cells are not
numerous, the bone marrow is intensely fibrotic, and the illness tends to run a prolonged
chronic course. Biopsies of the enlarged spleen and liver reveal active extramedullary
haemopoiesis without granulopoietic predominance. Among these cases are many where
such factors as extrinsic poisons, liver disease, endocrine disease, chronic haemorrhage
or haemolysis, or cardiovascular disease may have played some aetiological role, perhaps
by causing damage to the bone marrow through direct toxic action or metabolic deficiency,
the subsequent hyperplasia of resistant fibroblastic tissue being initially reparative as in
hepatic cirrhosis {(Wyatt and Somers, 1950).

In other cases, however, the relationship to leukaemia is morphologically and clinically
very remarkable, and it may be impossible to differentiate the two diseases, since charac-
teristic features of both may be present at the same time, or may follow one another
during the progress of the illness in an individual patient. This relationship is well
illustrated by a series of 10 cases reported by Hutt, Pinniger and Wetherley-Mein (1953).
‘Two of the patients proved to have relatively pure disease processes, although the blood
findings were initially equivocal. The first presented with splenomegaly and a slight
neutrophil leucocytosis accompanied by some granulocytic hyperplasia in the bone mar-
row, but without anaemia, After 3 years the spleen had enlarged to below the umbilicus,
the liver was palpable and the peripheral leucocyte count had risen to 34,000 per cu. mm.,
chiefly mature polymorphs. Sternal marrow examination and rib biopsy revealed intense
hyperplasia of granulocytes with increase in primitive cells and megakaryocytes but no
fibrous tissue and no increase in reticulin fibrils, thus confirming the diagnosis of chronic
granulocytic lenkaemia. The second patient had a rapidly progressive aplastic state, with
anaemia, neutropenia and thrombocytopenia, slight generalized lymphadenopathy but no
hepatosplenomegaly. A few primitive cells were later found in the peripheral blood and
three attempts at marrow aspiration were unsuccessful. Rib biopsy showed replacement
of normal structure by proliferating fibroblasts with massive increase in reticulin fibrils.
Despite the extreme marrow fibrosis, there was no evidence at autopsy of extramedullary
erythropoiesis, and sections of the spleen and lymph nodes showed only some hyperplasia
of reticulum cells with increase in reticulin in the interfollicular spaces. The diagnosis of
myelofibrosis without myeloid metaplasia was established. The remaining 8 cases s}.nowed

mixed proliferations of various cell combinations, including reticulum cell hyperplasia and
fibrous tissue formation in the marrow of a patient with an otherwise _typxc_al c}xronic
granulocytic leukaemia, marked gr:j\nulocytlc and megakaryocytic proliferation in t!le
marrow and spleen of a patient with }euco—erythr?blastxc anaemia and myelofibrosis,
increased granulopoiesis, megakaryocytic hyperplasia and fibrosis of the matrow in the
later stages of an initially eryt}}raemm case of po}ycythaemxa vera, and a nur{lbel_‘ of fm:ther
examples of mixed grfznu!ocytlc, megakaryocytic aLndAﬂbfoblastu: prohft?raan n gatlents

ith no polycythaemic hxsto_ry. The authors T 1 that no convincing evidence of
W1t edullary erythropoiesis could be found in any case except that of terminal poly-
2’;5;‘:,,,33, and they interpreted the foci of granulopoiesis, megakaryocytic hyperplasia,
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reticulum cell proliferation and fibrosis found in the spleen, liver, lymph nodes and some-
times in the kidneys and suprarenals in most of their cases as manifestations of the
fundamental proliferative process and not as sites of compensatory haemopoiesis secondary
to reduced marrow activity. These views are in accord with those earlier expressed by
Heller, Lewisohn and Palin (1547), who concluded that idiopathic myeloid metaplasia,
whether associated with marrow fibrosis or not, was an unusual variant of granulocytic
leukaemia.

It is but a short step from the Ieucofrythroblastosxs, sometimes with considerable
numbers of myelobl: seen in 1 is or in the terminal stages of polycythaemia
vera, to acute erythroleukaemia \v1th its mixed or consecutive erythroblastic and leuk-
aemic proliferations. Indeed, Di Guglle]mo, in many of his publications on erythraemic
myelosxs (see B 289) descnbcd the varying combinations of leukaemia and polycythaemm

erytl and the inations of acute leuk ia and
erythmemlc yelosis as ‘i lete”™ erythroleuk ia. Martin and Bayrd (1954) also
ded these two ift 1s of combined erythropoictic and leucopoietic hyperplasia
as respectively ““chronic” and “acute” bidirectional resp of the

cell to a proliferative stimulus. It should be added, of course, that in the “chronic” form
third and fourth lines of proliferation may be active, since megakaryocytic and fibroblastic
hyperplasia may also be found.

The existence of all these clinical and haematological syndromes, with mixed and
transitional proliferations affecting reticulum cells, erythroblasts and erythrocytes, myelo-
blasts and granulocytes, megakaryocytes and platelets, and fibroblasts and fibrocytes, in
various combinations and alternations, strongly supports the concept that the primitive
multipotential reticulum cell is in every case responding to some unknown stimulus in a
fundamentally similar manner, though with varying progenitive emphasis. That the
hypothetical myelostimulatory principle might conceivably be hormonal in character has
been suggested by Dameshek (1951), who pointed to the recognized marrow stimulation
{ollowing the administration of adrenocorticotrophic hormone, and the myeloid metaplasia
resulting from continued injection of crude pituitary extracts and testosterone (Selye and
Stone, 1g50).

Although the evid so far reviewed appears intcing, certain biochemical observa-
tions have been interpreted as indicating that the sxmllantxes between the myeloprolifera-
tive diseases are superficial rather than fundamental. These observations concern the
leucocyte alkaline phosphatase activity in different members of the myeloproliferative
group Studies by both chemical and cytochemical methods have demonstrated that the

yte: of chronic locytic leukaemia contain very little alkaline phosphatase,
whereas in polycythaemla vera and other non-leukaemic myeloproliferative states the
g(am.\locytes are very rich in the enzyme, even when the peripheral leucocyte count is

id in ch (Wachstein, 1946; Valentine and Beck, 1951; Valentine ¢f al.,
1952; Wiltshaw and Moloney. x955) The contrast is a very striking one, and it would be
hard to avoid the 1 that are essentially different from

the proliferating granulocytes of polycythaemla myeloﬁbrosxs and other states of myeloid
metaplasia, were it not for the existence once more of intermediate and transmonal
biochemical findings. Thus Valentine and his i (1952) found

of low alkaline phosphatase content in the leucocytes of myeloid metaplasia, and Mitus
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and his eolleagues (19584} reported similer findings in 7 of 23 cases, the low levels being
{ound in cases with prominent ceflular immaturity in the peripheral blood. The fatter
authors argned that the cytochemical character of the leucoeytes in these cases provided
a link between the relatively benign lencocytic proliferation of polycythaemia and myeloid
metaplasia and the more clearly malignant process of chronic granulocytic leukaemia,
Cytachemicat transformation does appear sometimes to run parallel with the clinical and
haematological evolution observed among these diseases. Osgood, Seaman and Koler
{1957) describied 2 patients with palycythaemia, having high leucocyte alkaline phospha-
tase levels, who subsequently developed chronic granulocytic lenkaemia, with phosphatase
negative cells. In a third case the transformation was histologically complete but the
leucocytes remained strongly positive throughout. Under treatment with Xerays or
alkylating agents patients with chronic granulocytic lenkaemia have been reparted to
show a change in lencocyte atkaline phosphatase activity from initially very low levels to
levels at the Jower range of normal, and in very full remission high normal levels of enzyme
have oceasionally been found (Hayhoe and Quaglino, 1958; Mitus ef g, 1958a), The
enzymatic differences do not therefore present an insuperable barrder to the acceptance
of the myeloproliferative concept, but they do suggest that complete transitions betiween
the related syndromes and genuine mixtures of lenkaemic proliferation with hyperplasia
of other cell lines derived from the primitive reticulum cell are much less common than
might be supposed from simple histological appearances.

Leukaemia and the Iymphoproliferative states

Just as the profiferative diseases involving myeloid derivatives of the primitive mesen-
chymal cell axe closely refated to one another, so the proliferative states of lympheid
Qerivatives of the same multipotential cell are similatly interrelated. Here, once again,
considerable confusion of nomenclature, arising from differences in interpretation and

phasis between clinicians, pathologists working with fixed tissue sections, and haemato-
Togists studying smears and imprint preparations, for long tended to obscure the essential
urity of the lymphoproliferative di While diff ins classi ion still abound,
there now appears to be general agreerent that the primary tumours of lymphoid tissues,
sometimes known as the ' malignant lymphomas” or *lymphoblastomas”, ate all funda-
mentally related to one another and to the lymphogenous leukaemias {Warthin, 19313
Ginsburg, 3934; Warren and Picena, x941; Gall and Mallory, 1942; Herbut, Miller and
Erf, 1945; Jackson and Parker, 1047; Custer and Bernhard, x1048; Berman, 1953;.Lumh,
1954: Berman, 1957}, The lymphoid progeny of the primitive mesenchymal cell include
reticulum cells, various lymphoeyte precursors, mature Jymphocytes and occasionally
fibroblasts, and the turmotrs arising from lymphoid tissue may be comp " pred ly
of 2 single cell line either well or poorly differentiated, or of mixed celf ines. The xmare
cammon and clearly defined clinical and histologiral patterns are generally classified,
though with varying {atures, in il with the ¢y ical nature and degree
of maturity of the predominating cells. Thus tumours composed ¢hiefly of reticulum cells
are called reticulum cell sarcomas or lyfmghoms, thosa made ap of X)nn;'bhgf}'tf‘ PY) e‘cur Sfrs

are } hoblastic lymp fymp 1 1 Iymp : ymp
sarcoJma; or undifferentiated lymphosarcomas, those having predominantly mature

ic Teti
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tires In the kifteys and
frdamenral pret 3

-
Heler, Zckz and Palin {1e47), who concludad thar 3
whather assaciated with marrow £brosis of ret, was an emzsml varfint of gransoeyie
keckaemie

Tt is bzt 2 shomt step from the kenco-erythreblistosts, son es with considimabls
rumters of myeloblasts, seen in myelasfibross or in the terminal stages of polyeytha:
verz, to acute erythrolauimeria with its mixed of consecutive erythroblistic and e
aezic proliferatines. Indsed, Di Grglislmo, in many of hus peblications on erythnemic
myelests {see p. 284), described the varying combinations of lenkaemia and pelyertha

s " com; erythrol i1, and the combi of acute lenkaemia and anxemi
erytbrasmic myelosis as “incormplete ” erythrolecknemn. Martin and Bayrd (x034) also
tegarded these two ifs ions of combined ervthrop and lencopoietic hyperplasia

2s respectively *chronic™ and *acute”™ bidirectional responsss of the commeon precursor
cell to 3 proliferative stimules, It should be added, of course, that in the “ chronic” form
third and fourth lines of proliferation may be active, since megakarvecytic and fibroblastic
hyperplasiz may also be found.

The existence of all these clinical and haematological syndromes, with mixed and
transitional proliferations affecting reticulum cells, erythroblasts and erythrocytes, myelo-
blasts and granulocytes, megakaryocytes and platelets, and fibroblasts and ibrocytes, in
various combinations and alternations, strongly supports the concept that the primitive
multipotential reticulum cell is in every case responding to some unknown stimulus in a
fundamentally similar manner, though with varying progemtive emphasis. That the
bypotbetical myelostimulatory principle might concevably be hormonal in character has
been suggested by Dameshek {1951), who pointed to the recognized marrow stimulation
following the administration of ad ticotrophic hormone, and the myeloid metaplasia
g‘:’-ﬂﬁng in;m continued injection of crude prtwitary extracts and testosterone (Selye and

ane, 1950).

_ Although the evidence so far reviewed appears convincing, Certain biochemical observa-
tions have been interpreted as indicating that the similarities between the myeloprolifera~
tive diseases are superficial rather than fundamental. These observations concern the

leucocyte alkaline phosphatase activity in different bers of the myelop rative
15“‘“?. Studies by both chemical and cytochemical methods have d d that the
eug

cocytes of chronic granulocytic leukaemia contain very little alkaline phosphatase,
whereas in polycythaemia vera and other non-leukaemic myeloproliferative states the
Im“‘ﬂocy}es are very rich in the enzyme, even when the peripheral leucocyte count is
e“kaem'md in character (Wachstein, 1946; Valentine and Beck, 1951; Valentine ¢f al.,
l:952: Wiltshaw and Moloney, 1955). The contrast is a very striking one, and it would be
21d o avoid the conclusion that leukaemi ytes are ially diff from
the p ”' ting locytes of polycythaemia, myelofibrosis and other states of myeloid
EZ';PIRS_B, were it not for the existence once more of intermediate and transitional
o liz emical findings. Thus Valentine and his fates (1952) found fonali

XW alkaline phosphatase content in the leucocytes of myeloid plasia, and Mitus
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of acute lymphoblastic leukaemias first manifest th ves with glandul 1
before changes have occurred in the blood and bone marrow, and although the histological
appearance of biopsied material may ble that of lympheblastic lymph the

F Y
cytology of aspiration or imprint smears is uwnmistakable and the full picture of acute
leukaemia inevitably develops.

The reticulum cell are ravely iated with leukaemic ch but oeca-
sionally cells of histiveytic or monocytoid appearance are found in the peripheral blood
and bone marrow, giving the picture of leuk ic reticulo-endotheliosis (p. 301) or the
Schilling type of mongeytic leukaemia, Similar lenkaemic changes may rarely ocenr in
Hodgkin's sarcoma, but other mixed forms of lymphoma, including Hodgkin’s disease and
paragranuloma, do not exhibit lenkacmic phases.

Chronic lymphecytic leukacmia, its distinctive variant lymph cell leukaemi
and the uncommon diseases, leukaemic reticulo-endotheliosis and the pure monocytic
form of leukaemia, appear therefore to be clogely linked with the non-leukaemie malignant
tymphomas so far as clinical and simple pathological evidence is concerned. Such histo-
chemical studies as have been carried out Jend support to the concept of unity among the
Iymphoproliferative diseases, since no striking differences between the cytochemistry of
tymphocytes from leukaemia and those from lymphomas have been found with the
periodic acid-Schiff reaction for glycogen, and the ranges of granulocyte alkaline phos-
phatase have been similar in both lymphecytic Jeukaemia and malignant lymphomas
{Hayhoe and Quaghno, 3958; Mitus ¢ al., 1958; Quaglino and Hayhoe, 1950).

At this point consideration may also be given to macroglobulinaemia and multiple
myeloma, since both these disordexs have some relationship to lymphocytic leukaernia,
although neither falls very clearly into the lymphoproliferative group of disordexs.

Macroglobulinaemia was first dascribed by Waldenstrdm in 1944 and the syndrome
soon vame o be widely recognized. More than 50 case reports have now been published
and the clinical and pathological features of the disorder have been several times reviewed

(Mackay ¢ #l., 1056, Bousser and Boivin, 1957). The essential abnormality in this disease
is a derangement of serum proteins, the pattern being dominated by a component of
molecular weight in the region of 3,000,000 with ultracentrifugal sedimentation constant
about 17-20 Sy (Svedberg units). This high molecular weight protein was named macro-
globulin or the 20° component by Waldenstrom; small amounts may be present in normal
sera and moderate increases have been found in various dysproteincemic diseases, but
these are regarded as symptomatic increases and do not compare in quantity with the
excessive amonnts present in macroglobulinaemia proper (Waldenstrom, 1958). The

iplest test for globulins is the Sia water dilution test; a heavy white precipitate
is uswally produced when a few drops of serum containing the abnormal globulin are
placed in a cytinder of water. If this test is positive, confirmation of the nature of the
precipitable component may be sought by more elaborate methods, Unfortunately the
\water dilution test is not reliable, since it may be positive in the absence of mactoglobulins
and negative in their presence, but it does serve as a sough pre{x{mnar}l SCIEENIng test
3t its Jack of specificity is appreciat d. The electroph it mobxhpy of rﬂ_ﬂ{rﬂé’)?buhns
ranges between that of beta and gamma globnlins, but the pattern is notd:stmguxsha?le
from that of myelomatosis, and ultracentrifugal studies ave really necessary o establish

the diagnosis. The clinical picture in macroglobulinasmia is one of chronic, slawly pro.
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lymphocytes are lymphocytic lymph or lymph and if the difi iation
xs\cry\\ell marked with follicular proliferation, follicular lymph \WVhen both lympho-
cytic and reticulum cell elements are strongly represented, giving a mixed picture, the
appearance is that of Hodgkin's disease, while mixed proliferations with many lympho-
cytes and relatwely smaﬂ numbers of reticulum cells have been classified as Hodgkin's
and mixtures with a predominance of reticulum
cellsand few lymphocytes have been called Hodgkin’s sarcoma, although they are virtually
indistinguishable from reticulum cell sarcoma. Rarely, fibroblastic proliferation may be
conspicuous enough to give the appearance of fibrosarcomas. Between these arbitrarily
defined conditions transitions frequently occur. Custer and Bernhard (1948) found a
virtually complete alteration in the histological pattern of the tumour in over 30 per cent
of 207 cases of Hodgkin’s disease in which sequential biopsies or biopsy and autopsy
findings could be compared, and similar alterations and transitions were common among
other varieties of lymphoma. Mixed forms of disease are even more frequently observed;
among 700 Cases stud:ed by Custer and Bemhard no fewer than 384 showed combined
lesions, the I es of d varieties of lymphomn. being present in
different foci in the same mdwldual or even in neighbouring areas in the same lymph
node, The transitions and variations are particularly well exemplified by follicular
Iymphoma, which initially shows a well-marked pattern of lymphocytic and follicular
differentiation, but after an unpredictable period undergoes a transformation to differenti-
ated lymphocytic lymphoma, perhaps with leuk ia, or to 1 hoblastic lymph

or to reticulum cell sarcoma, or to Hodgkin's disease, or to various comhmatlons of these
conditions (Symmers, 1938, 1942, 1948; Wetherley-Mein ¢t al., 1952). This situation, which
closely resembles that existing among the members of the myeloproliferative disease
gronp, is to be expected, since all the cell lines involved are once more common derivatives
of the multipotential mesenchymal cell.

The peripheral-blood picture of chronic lymphocytic leukaemia, with relative and
absolute lymphocytosis, is found at some stage of the dxsease m a high pmpomon of
patients with well-diff jated tic 1 or Al
blood picture occurred in 48 per cent of such patients m the series of Gall and Mallory
(1942}, and Berman (1953) d that lymphocytic lymph and chronic lympho-
cytic leukaemia were virtually identical dxseases, varying only in the relative degrees of
lymph-node hyperplasia and blood and bone-mamow involvement. A blood picture
somewhat resembling that of acute or chronic lymphocytic Ieukaemxa may develop during

the course of the less di iated hoblastic” 1 orl coma. The
incidence was given by Gall and I\Iallory as 38 per cent and by Berman as 50 per cent.
Pmbably most of the *“lympt cell” Jeul *, with cells

in the peripheral blood having the peculiar eytological chamcters earlier descnbed {p- 299),
Whl(lh render them distinct both from mature lymphocytes and from the customary
bl of acute Jymphoblastic 1 are of blood involvement in
this variety of lymphoma. The lymph-node infiltration in acute ly'mphoblastlc leukaemxa
is not paralleled by any non-leukaemic malignant Iymph ; the leu} 1
is clearly different in smear and 1mprmt preparations from the lymphoid reticulum cell,
pro!ymphocyte or "Xymphoblast of normal Iymph nodes and its proliferating counterpart
inl (Sundb 1947: Berman, 1957). Though a small proportion
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of acute lymphoblastic leukaemias first iest th ves with glandular enlargement
before changes have occurred in the blood and bone marrow, and although the histological
appearance of biopsied material may resemble that of lymphoblastic lymphoma, the
cytology of aspiration or imprint smears is unmistakable and the full picture of acute
fenkaemia inevitably develops,

The reticulum cell are rarely fated with leukaemic cb but ocea-
sionally cells of histiocytic or monocytoid appearance are found iu the peripheral bloed
and bone marrow, giving the picture of leukaemic reticulo-endotheliosis {p. 301} or the
Schilling type of ytic leukaemia. Similar leukaemi may rarely occur in
Hodgkin's sarcoma, but other mixed forms of lymphoma, including Hodgkin's disease and
paragranuloma, do not exhibit leukaemic phases.

Chronic lymphocytic leukaemia, its distinctive variant lymph cell leut
and the uncommon diseases, lenkaemie reticulo-endotheliosis and the pure monocytic
{form of leukaemia, appear therefore 1o be closely linked with the non-leukaemic malignant
Iymphomas so far as clinical and simple pathelogical evidence is concerned. Such histo-
chemical studies as have been carried out lend support to the concept of nnity among the
iymphoproliferative discases, since no striking differences between the cytochemistry of
lymphocytes from leul ia and those from lymphomas have been found with the
periodic acid-Schiff reaction for glycogen, and the ranges of granulocyte alkaline phos-
phatase have been similar in bath lymphocytic leul iz and mali t Iymph
(Hayhoe and Quaglino, 1958; Mitus ef o, 10584; Quaglino and Hayhoe, 1959).

At this point consideration may also be given to n globuli iz and multiy
myeloma, since both these disorders have some relationship to lymphocytic leukaemia,
afthough neither falis very clearly into the lymphoproliferative group of disorders.

Macroglobulingemia was first described by Waldenstrém in 1944 and the syndrome
soon came to be widely recognized. More than 50 case reports have now been published
and the clinical and pathelogical festures of the disorder have been several times reviewed
(Mackay et al., x956; Bousser and Boivin, 1957). The essential abnormality in this disease
is a derangement of serum proteins, the pattern being dominated by a component of
molecular weight in the region of 1,000,000 with ultracentrifugal sedimentation constant
about 37-20 Sy, (Svedberg units). This high molecular weight protein was named macro-
globulin or the 20° component by Waldenstrém; small amounts may be present in normal
sera and moderafe increases have been found in various dysproteinaemic diseases, but
these are regarded as symptomatic increases and do not compare in quantity with the
pxcessive amounts present in macroglobulinaemia proper (Waldenstrom, 1938}, The

snlest test for pacroglobulins is the Sia water dilution test; a heavy white precipitate
is u;ua\ly produced when a few drops of setum containing the abnormal globulin are
placed in a cylinder of water. If this test is positive, confirmation of the nature of the
Precipitable component may be sought by more elzghorz{te raethods. Unfortunately the
water dilution test is not reliable, since it may be positive in the absence of macroglobulins

and negative in their presence, but it does serve as a rough preliminary screening test
if its lack of specificity is appreciated, The electrophoretic wiobility of macroglobulins
ranges between that of beta and gamma gl.obulms, b?t the pattern is not distinguishable
from that of myelomatosis, a'nd ultr.acenm!uga.l st_udxes are really necessaty to establish
the diagnosis, The clinical picture in macroglobulinaemia is one of chronic, slowly pro-
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gressive anaemia with lassxtude and dyspnoea on exertion, moderate generalized lymph-
node

ly, and, very characteristically, episodes
Mrelofibrosis

Chromla
lewkaemia Erythrolentsemla

Myeloblastia 1eme-u/

lomonooytio leukmemda
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Fic. 53. The leukaemias among the myelo proliferative,
lymphoproliferative and aplastic states.

of bleedmg from the mouth and nose. In many patients marked engorgement of retinal
veins and scattered retinal haemorrhages have been observed.
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The peripheral-blood changes are not striking, but the total leucocyte count may be
raised a little above the normal range and the percentage of Iymphocytes in the differential
count is commonly high. Rarely, macroglobulinaemia has been found with the peripheral-
blood picture of chronic lymphocytic leukaemia. The cytology of the bone marrow is
characteristic. Lymphocytic mononuclear cells, with small amounts of easily fragmented
cytoplasm and a marked tendency to smear into Gumprecht shadows, predominate. This
persistent and conspicuous marrow lymphocytosis, though not associated often with
leukaemic changes in the blood, establishes a relationship with chronic lymphocytic
leukaemia, which is further strengthened by the exi: e of lized lymphadeno-
pathy. In some cases the sternal marrow has contained a large minority of plasma cells,
and tissue mast cells have often been conspicuous (Tischendorf and Hartmann, 1950).
E; ples of macroglobuli ia have, however, been observed in patients with a normal
bone marrow, but with changes in the lymph glands resembling lymphosarcoma.

The abnormal proteins found in multiple myeloma are not macroglobulins, and although
plasmacytosis may be considerable in the marrow of patients with macroglobulinaemia,
destructive bone lesions are rare. The general clinical and pathological patterns of myelo-
matosis and macroglobulinaemia show many similarities, however, and transitional forms
between the two diseases probably occur.

The same is true of multiple myeloma and lymphocytic lenkaemia; abnormal proteins
suggestive of myeloma, and Bence-Jones proteinuria, may occur in chronic Iymphocytic
leukaemia, though they are very rare findings. Certainly the similarities and transitions
observed between lympl coma, lymphocytic leuk i globuli and
multiple myeloma suggest that both the latter diseases should be tentatively classified
among or in close relation to the lymphoproliferative states. Moreover, selective cyto-
penias or pancytopenia are not in macroglobuli ia, so that an association
with the aplastic states exists. It seems probable in retrospect that many atypical
examples of myelomatosis, lymphocytic leukaemia, lymphosarcoma or pancytopenia may
actually have been cases of macroglobulinaemia (Mackay ¢f al., 1956).

In Fig. 53 the relationships between the leukaemias, the aplastic states, the'myelo-
proliferative syndromes and the 1 hoproliferative di: are rep dd
matically, the arrows indicating the directions in which transitions have been observed
to occur.

Leukaemoid Reactions

Since its introduction by Krumbhaar (1926), the term *‘leukaemoid ™ has been applied
to changes in the blood and h poietic organs r bling those of one or other form
of leukaemia, but arising during the course of non-leukaemic diseases. It will be clear
from the preceding pages that the haematol?gica] findings in the m}'elOproleemh"e and
lymphoproliferative syndromes provide a wide l?crder]{ne betwe.en leukaemic and leuk-
aemoid pictures, where it may be difficult to de.cxde which term is the more appr!{pna‘t'e,
but we shall now be concerned with the; d ‘mnah‘lv '. \! d reactions and

i iation with certain infections, tions, met: t .,
Observeanl-xlle;xaf:emx;itc blood diseases. Very many examples of such reactions have be_en
sopor ng some distinguishable from leul ia only when post-mortem examination
:2:3:&' absence of lenkaemic infiltrations and the presence of another pathological
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process, others resembling leukaemia merely in the hexght of the peripheral leucocyte
count or in the p of a few leucocyte p in the circulation, The extensive
earlier lxternturc on leukaemoid reactions was fully reviewed by Forkner (1938}, and later
reviews include those of Heck and Hall (193g), Hill and Duncan {rg41) and Hilts and Shaw

(1933).

Tn most cases the differentiation from leukaemia is not difficult when the clinical findings
and the results of blood and b rrow ination are idered together. The high
alkaline phosphatase level in the granulocytes of most leuk id reactions contrasts

sharply with the very low level of this enzyme in the neutrophils of gmnulocym: leukaemias
and this difference may be very helpful Another criterion of general value in separating
acute leuk ias from d reactions is the magnitude of the platelet
count, since severe thrombocytopcma. is much more likely to be associated with leukaemia
than with a leukaemoid reaction.

Infect Polymorpt lear Jeucocytosis with an increase in the proportion of stab
cells and occasional myelocytes in the circulation is, of course, a common feature of many
bacterial infections, and from time to nme exceptionally high total counts with consider-

able bers of locyte pr luding even some promyelocytes and myelo-
blasts, have been observed. Most of the reported examples of leukaemold reactions
ing chronic granulocytic leuk in the morphol of the

peripheral blood are explicable as exaggerated responses to severe infection. They include
cases of pneumonia, memingitis, septicaemia, diphtheria, and plague, and in each of these
conditions Jeucocyte counts between 70,000 and 120, 000 per cu. mm. have been observed,
with varying bers of g1 1 The diag: has usually been clinically
obvious, however, and there has been little real confusion with leukaemia.

A blood picture very like that of chronic lymphocytic leukaemm may be seen in
whooping-cough, chicken-pox, measles and infectious lymphocy , with mature lymph
cytes numbering more than 50,000 and even sometimes more than 100,000 per cu. mm.
in the peripheral blood. Once again, the elinical picture 1s usually diagnostic and confusion
with leukaemia is unlikely. Infections mononucleosis may be said to show a leukaemoid
reaction, but the abnormal lymphocytes are of a characteristic type, anaemia and throm-
bocytopenia are very rare, and there is seldom any prolonged difficulty in diagnosis.

Leukaemoid reactions more closely resembling various forms of leukaemia and pre-
senting serious diagnostic problems have most often been encountered in association with
tuberculosis, and the special relation of this disease to the leukaemic, myeloproliferative,
lymphoprohieratwe and aplast\c states is dxscussed separately below.

(‘

tic leuk d patterns have been reported to occur in
d g (Krumbh: 1926), in mercuty poisoning (Downey, Major and
Noble, x93o) “and durmg the administration of sul ides (Whittemore and Stich,

1942; Kracke, 1944), and marked leucocytosis may develop in eclampsia. Such reactions
are extremely Tare,
Di:

‘When ic deposits occur in the bone
MArTow as a consequence of the spread of a primary malignant tumour from the breast,
prostate, thyroid, kidney or elsewhere, 2 leuco-erythroblastic picture with anaemia,
lmmature (;,ells‘oi both red and w}ute cell series, and sometimes thrombocytopenia,

ps in the peri] blood. There is often a leucocytosis, sometimes high
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enough to suggest leukaemia when taken in association with the presence of granulocyte
precursors in the circulation. Since the clinical picture is one of severe iliness and neither
the primary tumour nor secondary deposits may be obvious, confusion with acute or
chronic granulocytic leukaemia may well occur; the leucocyte alkaline phosphatase content
provides a valuable diagnostic pointer, since it is high in disseminated malignancy and
low in granulocytic leukaemias. Leukaemoid pictures in malignancy have sometimes
developed in the absence of obvious bone-marrow metastases, and lymphocytic rather
than myelocytic cells have occasionally been prominent {Meyer and Rotter, 1942; Bichel,
1949), but these events are extremely rare, leukaemoid reactions in malignancy being
almost invariably myeloid exaggerations of the leuco-erythroblastic response to bone-
marrow invasion in the terminal stages of the disease. It is possible, as Bichel acknow-
ledged, that the few cases described as lymphocytic leukaemoid reactions in disseminated
carcinoma may have been examples of coincid of malig 'y and leuk ia, in which
either the malignant process itself or the radiotherapy directed against it had exerted a
strong antagonistic action upon the leukaemic proliferation, so that few signs of leukaemic
infiltration remained at the time of post-mortem examination.

Non-leukaemic blood disorders. Marked leucocytosis with a shift to the left in the
granulocyte series frequently follows severe haemorrhage or haemolysis, and the total
leucocyte count may reach 60,000 to 300,000 per cu. mm. The blood picture shows
predominantly mature segmented and stab cells, however, and myelocytes rarely make
up more than 5 to 10 per cent of the total. Such an increase in granulopoietic activity,
associated with erythropoietic hyperplasia, may reach leukaemoid proportions in severe
dyshaemopoietic anaemias, especially megaloblastic ones, during phases of spontaneous
or therapeutically induced remission. A few myelocytes are commonly seen in the blood
in Addisonian pernicious ia and in megaloblastic anaemia of pregnancy (Callender,
1944) and leucocyte counts of 20,000 to 40,000 per cu. mm., including as many as 50 per
cent of myelocytes and even a small percentage of myeloblasts, have been reported
occasionally as leukaemoid reactions (Heck, 1932; Ritchie, 1952; Sclare and Cragg, 1958).
Perhaps the haemopoietic substances, especially folic acid and crude liver extracts, given
in the treatment of some of these primary megaloblastic states contributed to the develop-
ment of a leukaemoid picture by their known accelerating action on granulopoiesis.

Leukaemoid reactions may of course result from the combined effect of more than one
of these stimulating causes. Thus the leuco-erythroblastic response to terminal malignancy
with marrow invasion may be associated with exaggeration of the granulocytic component
in response to respiratory or urinary infection, while haemorrhage from the aliment:fry
tract or elsewhere may lead to i in both erythropoietic and granulopoietic activity
in the bone marrow, reflected in both components of the leuco-erythroblastic picture.

Taberculosis, The important place of disseminated tuberculosis among processes
capable of inducing leukaemoid reactions has long been recognized. A genuine combina-
tion of tuberculosis and leukaemia i§ not uncommon, though probably no greater than
might be expected from chance association, but since the early reports of Roth (1913) and
Marshall (1915), a considerable number of cases have 'been described in w_hlch'the blood
and bone-marrow picture of acute or chronic Ieuka§m1a was observed dupng !x(e, yet no
Jeukaemic infiltration was found at autopsy, extensive Amlhary tuherclélolsx}s] being prestené
instead. These leukaemoid reactions have not been uniform in type, but have suggeste
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granulocytic (Custer and Crocker, 1932; Leibowitz, 1938; Friend and Thackray, 1952),
Iymphocytic (Landon, 1925; Gardner and Mettier, 1949) or monocytic (Gibson, 1946)
forms of leukaemia, and have most often resembled acute or subacute varieties of the
disease. Alenkaemic blood findings in a lymphocytic leuk id reaction to tubercul
were described by Staffurth and Spencer (19; 50), and features like those of acute aleukaemic
myeloblastic leukaemia were observed in the blood and bone marrow as a transient
phenomenon during the course of atypical disseminated tuberculosis in a patient observed
by Medd and Hayhoe (2955).

In view of the close association of leukaemias with aplastic, myeloproliferative and
Iymphoproliferative diseases, it is particularly interesting to note that the haematological
complications of tuberculosis include not only leuLaemold reactions, but also m)elo—
fibrosis with leuco-erythroblasti and Karyocytic hyperplzsxa. pol) cythaemm
vera, and peripheral pancytopenias with either cellular or hypoplastic marrow,
but without fibrosis, The remarkable range of these abnormalities and their close re-
semblance to the primary myeloproliferative and aplastic states have been discussed by
Medd and Hayhoe (1955) and Hayhoe (1957). Tub i! )! is clinically and
haematologically very like the idiopathic form of this d:sease Cmﬂ Alt and Nadler (1945)
described four such cases and collected from pubhshed reports seven others, in all of which
acute caseating tub \! was id o be responsible for the b IToW
fibrosis. In a footnote to their paper, howev er. the} mentioned a patient with a leuco-
erythroblastic anaemia, who was found at autopsy to have miliary tuberculosis and a
hypoplastic marrow without fibrosis. Leucopenia and pancytopenia in acute tubereulous
septicaemia were observed by Ball, Joules and Pagel (1951) in three patients, and they
collected eight similar cases from the literature. Four further cases of pancytopenia in
miliary tubermlosxs were reported by Medd and Hayhoe (1955}, and i in one o! them
consecutive phases of pancytopenic hypoplasia, aleuk
reaction, a.nd finally medulla.r} aplasm were observed, illustrating the close relationship
of cytopenic and 1 to tub is. Blood pictures characteristic of
polycythaemia vera but believed to be secondary to miliary tuberculosis were described
by Fitzpatrick and Schwartz (1949) and by Guild and Robson (1930), while Tsévrénis,
Thuilliez and Panas (1951) reported a reaction resembling erythraemic myelosis in
tuberculosis.

The fact that such a wide range of leukaemoid, cytopenic and myeloproliferative
responses may occur during the course of acute tuberculosis further supports the concep-
tion that the corresponding primary blood disorders are themselves closely related. It
seems reasonable to assume that the tuberculous cases have a common pathogenesis, the
factors active upon the haemopoietic system being products of the tubercle bacillus and
the mechamsm of action perhaps m\ olvmg hypexsensmvxty. In nearly all reported cases

of t blood d losis has been atypical histo-
logically, being characterized by multlyle necrotic (oc: in various organs with Httle sur-
rounding cellular reaction and few giant cells, epitheloid cells, or lymphocytes. Large

bers of i have i been !ound in these lesxons whxch markedly resemble
the kind of acute miliary t duced experd Iy by Rich {1944)
by the injection of large doses of bacilli into the blood stream of hypersensmve animals.
A fnnher experimental paralle] to the leukaemoid type of reaction is provided by the
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myelocytic-lenkaemoid response in the blood of tuberculous rabbits given injections of
tuberculin, a response presumably mediated by an allergic mechanism (Feldman and
Stasney, 1937). Morcover, Sabin (1932) found that a striking multiplication of fibroblasts
could be caused, both locally and diffusely, by an unsaponified higher-alcohol derivative
of the waxes of tubercle bacilli, an observation which may be relevant to the pathogenesis
of tuberculous myelofibrosis.

Since this whole range of haematological complications of tuberculosis appears therefore
to have a single cause and common pathogenetic mechanism, it becomes the more likely
that a comparable state of affairs should exist for the parallel idiopathic group of blood
diseases.

Interesting and informative though these hacmatological reactions to tuberculosis may
be, it should be emphasized that they are relatively uncommon; leukaemia and other
related diseases may co-exist with tuberculosis as primary disease states, and the blood
picture should be interpreted as secondary to tuberculosis only when atypical features,
response to anti-tuberculous therapy, or absence of characteristic infiltrations at autopsy
make the double diagnosis unlikely.

The nature of leukaemia and its relation to neoplastic processes

The proliferation of leucocytes and their precursor cells in leukaemia has commonly
been regarded as a neoplastic process of the leucopoietic system, comparable to the growth
of malignant tumours from other tissues in the body. The arguments in support of this
view are many. Leukaemic hyperplasia is invariably fatal; the proliferating cells show
cytological abnormalities; numerous mitotic figures occur, some of them irregular;
extensive infiltrations of non-haemopoietic organs and tissues develop, similar to meta-
stases of malignant tumours; although the leukaemias are almost always widely general-
ized diseases from the earliest stages as far as can be ascertained, an extremely close

relation exists between certain forms of leul ia and such localized processes of
tumour formation as chloroma and solitary myeloma, while lymphosarcoma ax_ld reticu-
lum cell sarcoma afford a bridge between leu} ia and the lity of malig,

Transmission experiments in mouse leukaemias have long established that the affected
cells are capable of reproducing the disease when introduced into healthy animals, in
a manner similar to that of other malignant tumour cells.

Against these powerful arguments opposing ones have been advenced. Although
Jenkaemia is inevitably fatal, remarkably complete remissions sometimes occur spon-
¢ 1y and can occasionally be induced by such *physiological ” hanisms as bloc{d
1 fusion or the develor t of infection; such remissions have few counterp:nrts in
malignant states. The abnormal cytological and mitotic features_ of Ieukaen}m cells
b ble those of malignant t but they can all be duplicated in le‘ukaemox.d states
and in conditions known to be nan-malignant, such as pernicious anaemia. The' infiftra-
tions of leuk fa chiefly rep lar permeation of organs with c:rculatu}g cells,
which show little tendency to invade and destroy local tissues as {n'etastases do; since Ehe
cells concerned are often immature, they may be exp_ected to e?:blbxt further.prollfemnve
activity at sites of deposition. The transplantability of animal leukaemias contrasts
sharply with the failure to transmlt.human Ieuk:{emfas. .

‘Additional arguments for and against the neoplastic nature of

)’ ia concerned the
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results of i vitro culture experiments, some interpreting the very conflicting findings as
evidence that Jeukaemic cells were essentially normal and capable of maturing normally
§n vitro, whereas others believed the evidence more in favour of a permanent malignant
change in the leukaemic cell. Discussion over the neoplastic nature of leukaemia was still
being forcefully pursued in quite recent years (Whitby, 1951; Furth, 1951), but an in-
creasing awareness of the multiple factors involved in cell proliferations has undermined
the position of both protagonistic schools, Furth (1953, 1954) reassessed the character of
feul ias in the light of experi 1 studies on dependent or conditioned as contrasted
with autonomous neoplasms. He pointed out that unrestrained proliferation was not
necessarily a distinguishi h of plastic cells, since most normal cells were
capable of similar proliferation in tissuc culture. Clearly the balance of cell multiplication
in the normal ism might re e d to be affected by restraining and
stimulating physiological hani Imbal might result from many possible
circumnstances external to the cell, as well as from primary genetic alterations in the cell
itself or alterations due to the action of intracellular agents, The forces operating on cell
proliferation have been very inadequately elucidated as yet, although the role of certain
hormenes in controlling cell growth in their target organs and in relation to malignant
change in these organs has been partially explored.

Malignant tumours have been produced experimentally by altering the hormone-target
organ relationship, as by destroying the thyroid gland and thus stimulating excessive
production of thyroid-stimulating hormone with the eventual formation of pituitary
tumours as a result of sustained proliferation of cells concerned with TSH secretion.

uch cau be transpl d into thyroid-deficient animals, where they grow and
metastasize in a malignant fashion, yet their growth can be controlled, both in the original
animal and in the host, by administration of thyroid hormone. After prolonged growth
these dependent tumours often become autonomous and no longer respond to thyroid
contro! (Furth and Burnett, x951; Gadsden and Furth, 1953).

The effects of hormone treatment of prostatic carcinoema in man and of some forms of
mammary carcinoma illustrate the importance of hormone dependence in human maligrant
disease.

The concept that leukaemias and the associated aplastic, myeloproliferative and
lymphoproliferative diseases may all be different but related expressions of imbalance in

he unk physiological mechanisms stimulating and restraining haemopoietic activity
offers an explanation for their interrelationship, the transitions which occur between them,
and the remarkable range in clinical malignancy that they show. In some cases the
imbalance may be due to a primary change in the cell, and the proliferation will then be
an autonomous one, but it is not unlikely that many of the leukaemias and allied diseases
occurring in man are dependent processes. If the proliferative disturbance were in fact
a conditioned one, a possible explanation could be offered for the dramatic remissions
occasionally observed to occur in acute leuk jas ejther 1y or as a result of
t ion or the administration of steroid hormones, since it is easier to visualize the
controlling mechanisms temporarily returning to normal than to imagine an autonomously
malignant cell line losing its malignant characters for a short period and then regaining
therr}. The jdea of conditioned prohferation would also conform well with the lack of
p 0 i cytological ch istics in leul ic cells and the documented
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reports of normal maturation of some leukaemic cells in vitro. Moreover, conditioned and
autonomous processes are not mutually exclusive, Just as conditioned tumours produced
experimentally may eventually become autonomous if growth is long enough sustained,
so dependent leukaemias may become autonomous. The fact that transmissible animal
leukaemias are usually cleatly autonomous, except for those due to an infecting virus
where transmission can be achieved with cell-free filtrates, does not therefore militate
against the possible dependency of non-t ible animal leuk and of leuk i
in man.

‘We may therefore conclude that the lenkaemias are proliferative diseases falling within
the general category of neoplasia in its widest sense, but very possibly due to an externaily
determined imbalance between the forces controlling leucopoiesis, though in some cases
the proliferation may become autonomous. In so far as the hyperplasia may be condi-
tioned, hope exists that study of the controlling mechanisms might eventually offer a
completely satisfactory approach to therapy, by enabling the imbalance to be permanently

corrected. Such a solution to the problem of leuk ia is not an impossible one.
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reports of normal maturation of some leukaemic cells i vitro. Moreover, conditioned and
autonomous processes are not mutually exclusive. Just as conditioned tumours produced
experimentally may eventually become autonomous if growth is long enough sustained,
so dependent lenkaemias may become autonomous. The fact that transmissible animal
leukacmias are usually clearly autonomous, except for those due to an infecting virus
where transmission can be achieved with cell-free filtrates, does not therefore militate
against the possible dependency of non-transmissible animal leukaemias and of leukaemias
in man.

‘We may therefore conclude that the leukaemias are proliferative diseases falling within
the general category of neoplasia in its widest sense, but very possibly due to an externally
determined imbalance between the forces controlling leucopoiesis, though in some cases
the proliferation may become autonomous. In so far as the hyperplasia may be condi-
tioned, hope exists that study of the controlling mechanisms might eventually offer a
completely satisfactory approach to therapy, by enabling the imbalance to be permanently
corrected. Such a solution to the problem of leukaemia is not an impossible one.
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and lenkaemic remissions, 204

200-205
Inoculation of animals with human leukaemic
cells, 62
Tonizing radiations in exp 1

genesis, 51

Lactic dehydrogenase,
in leukaemic cells, 112
in serum, 113
Leucacyte agglutinins, 123
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Leucocyte elimination studies, 63
Leukaemia,
in atomic-explosion survivors, 34
cutis universalis, 265
among the lymphoproliferative states, 314~
18

in the mouse, 48

in the mouse, influence of age and sex, 50

among the myelaproliferative states, 308-314

in radiological workers, 32

in relation to neoplastic states, 322~-324

after therapeutic and diagnostic radution, 36

in twins, 30

unusual varieties of, 287-302
Leukaemic erythrodermu, 265
Lenkaemic reticulo-endotheliosis, 301, 316
Leukaemoid reactions, 318-322

to disseminated malignancy, 319

to 1mfections, 319

to non-leukaemic blood disorders, 320

to toxic drugs, 319

to tuberculosis, y20-322
Leukergy, 123
Leukosarcoma, 12, 15, 213, 299
Lapids,

cytochemical demonstration of, 82

in leukaemia, biochemical assay, 117
Lymphoblastic leukaemua, 13, 222

see also acute Jeukaemia
Lymphocytic leukaemia,

see chronic lymphocytic leukaemia
‘Lymphocytic lymphoma, 315

without leukaemia, 272
Lymphogenous leukaermias, 13

see also acute I , chronic

6-mercaptopurine, 166-168
toxic effects, 166, 168
Metabolism of Jeukaemic cells, 97-118
Metacorten, see prednisone
6-Methyl-mercaptopurine, 168
Micromyeloblastic leukaemia, 12
Mikulicz in chronic hy ic
Jenkaemia, 263
Mixed leukaemias, 301
Mongolism and lenkaemia, 32
Momiliasis, za3
Monocytic leukaemia, 12, 13, 222, 300
see also acute lenkaemia
Mortality statistics: see Incidence
Multiple myeloma, 14
related to lymphocytic lenkaemia, 318
Myeloblastic erisis in chronic granulocytic
lenkaemia, 253
Myeloblastic leukaemia, 12
see also acute leukaemia

promy
Myelofibross, 14, 297, 31t
Myelogenous leukaernia, 13
see also acute leukaemia and chronic granu-
locytic leukaemia.
Myeloid leukaemias, 13
see also acute lenkaema and chronic granulo-
cytic leukaemma
Myeloid-lymphoid balance, 6.
Myelold megakaryocytic hepato-splenomegaly,

Myelmd
311313

Myelokentric aci
1

in relation to

64

leukaemia

Lymphoid leukaemias, 13

sez also acute leukaemia, chronic lymphocytic

leukaemia

Lymphokentric acid, 64
Lymphomatosis 1 the fowl, 46
Lymphosarcoma, 15, 299, 315
Lymphosarcoma cells, 299, 315
Lymphosarcoma cell lenkaeria, 299, 315

related to

leukaemia, 316
in chronic ic len-

Laemia, 69

Mast cell leukaemia, 295
Megakaryocytic lenkaemia, 207
Megalaryocytic myelosis, 14, 297, 31T
Melphalan, 174

leuk 13, 222

see alsn acute leukaemia
y factor and e
diseases, 308, 313
Myleran, 177-179

Naegeli type of acute leukaemia, 13
Nature and nosology of leukaemia, 306-324
N - leu-
kaemia), 12, 293

MNitrogen mustards, 171-173

action on cells 12 vtiro, 138

toxic effects, 173
Nitromin, 174
Novoembichin, 174

and nuclease inh in

109

Nucleic acid synthesis in normal and levkaemic
cells, 162109



334 INDEX

Nucleoprotein metabolism, abnormalities in
Jeukaemia, 107
Nutritional state and i 1 leuk

Priapism, 246
Prognostic statements, 19;
P in and cell L

genesis, 50
Nystatin, 203

Ocular Jesions in leukaemia, 218, 246, 266
O and mouse leuk 55
Onset, modes of, 217, 242, 262

Oral lesions in leukaemia, 214, 244
Orbital tumours, in chloroma, 288
Osteopetrosis gallinarum, 46

P32, mode of action, 155

P32 uptake in leukaemic cells i vitro, 138

Panoptic staining, 74

Paraleukaemic states, 14, 306—322

Paramyeloblastic leukaemia, 12

Parotid tumours and viral transmission of
mouse leukaemia, 59

Pentamidine, 180

Peptic ulcers in chronic granulocytic lenkaemia,

24
Periodic acid-Schiff (P.A §.) technique, 8o
Pernicious anaemia and leukaemia, 28, 30
Peroxidase reaction, 83
Phagocytic capacity of neutrophils in leukaemia,
201
Phase contrast microscopy, 89
Phosphatases,
cytochemical demonstration of, 86
quantitative biochemistry of acid and alka-
line, 114
6-Phosphogluconic acid analogues, 171
Plasma cell lenkaemia, 208
Plasma proteins in leukaemia, 98
Platelet levels and bleeding tendency, 195
Polycythaemia vera, 14
as example of mixed and transitional myelo-
proliferation, 309-311
Prednisone,
for acute lenkaemia, 182-184, 227-229, 239
advantages over A C.T.H. and cortisone, 183
for bleeding in leukaemia, 197, 252, 260
for haemolytic component of lymphocytic
leukaemia, 199, 273-274, 278
massive doses in acute lenkaemia, 183184
stimulating action on marrow, 258, 274, 313
ic side-effects, 229
?s’:;:nszzombination with antimetabolites, 228
Pregnancy and leukaemia, 205-207
Prelenkaemic states, 212

38 1,

Properdin levels in leukaemia, zoz *

Protection from radiation leukaemogenesis and
aplasia by organ shielding or tissue trans-
plantation, 51-54

Protein deletion hypothesis, 128

Protein metabolism in leukaemia, g7

P femia gastro-i i 267

Psychological aspects, 193

Pteroylglutamic acid, 161

Purine antagonists, structure, mode of action
and use, 166-168

Purine, as metabolic antagonist, 168

Purine and pyrimidine nucleotides, de novo
synthesis, 106

Pyrimidine antagonists, 170

R.48, 175
Ru1sT, 174
Radiation,

action on haemopoietic tissues, 147

action on leukaemic cells, 148

biological effects of, 144~147

and bone marrow grafting in treatment of

leukaemia, 151-154

effects on amino acids, 145

effects in cells cultured in vitro, 148

effects on cysteine and glatathione, 145

effects on DNA, 145

effects on enzymes, 146

effects on living cells, 146

effects on proteins, 145

effects on RNA, 146

effects on water, 145

indirect effects, 147, 148, 149

and leukaemia incidence, 32—38
Radioactive isotopes, mode of action, 154
Radiologists, lenkaemia 1n, 32
Radi ic action of agents, 172
Radiatherapy, general principles, 144-155
Remission, following infection, 204

see also course and prognosis

i ion in acute

213
Reticulo-endotheliosis, leukaemic, 301, 316
Reticulum cell sarcoma, 15
related to monocytic leukaemia, 316
ic fever, in di fal di is of
acute leukaemia, 217, 225
Rieder cells, 75
RNA, cytochemical demonstration of, 78
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Sarcolysine, 174

Sarcomas and viral tramsmission of mouse
leukaemia, 59

Schiff's reagent, 76

Schilling type of acute leukaemia, 13

Trauma as an actiological factor in leukaemia,

40

Transduction, 57

Transfusion with lenkaemic bleod, 61
Trensmission expenmenu in man, 61
“Trie

Selenium cysune. as amino acid ist, 170
Skin lesions in lenkaemia, 213, 244, 264
in control of anaemia,

199
Stem cell lenkaemia, 13
Steroid hormones in therapy, 182-18¢
massive dosage, 184
Stdbamidine, 18q
Still's disease, in differential diagnosis of acute
leukaemia, 217
Sublenkaemic lenkaemia, 1x
incidence, 20
Sudan bhck B staining, 82
therapy and
Sulphydryl ¢compounds in lenkaemic leucocytes,

Supmwtzl staining, 9o
Surgery in leukaemic patients, zo5
ic and supp 193-
207

TEM, 175-176

TEPA, 176

Tetrahydrofolic acid, 161, 162

Therapy, general principles, 144-207

&Thioguanine, 168

Thic-TEPA, 176

Thrombocytopenia in lenkaemia, 195-197, 221,
248, 270

‘Thymus in mouse lenkaemia, 56

Thyroid disease and leukaemia, 28

Tissue mast cell leukaemia, 295

‘Trace elements in leukaemic cells, 115

Transplantation of bone marrow 1 the treat-
ment of leukaemia, 151-154

175
Tuberculosis, lenkaemoid reactions to, 320322
Tumour extracts in cxperimental indnction of
levkaemia, 60
Twiss, leukaemia in, 30

Ultra-violet spectrophotometry of nucleic acids,

79
Uracil antagonists, 170
Urethare,
action on cells in t3tro, 137
in therapy, 181
Uric acid levels in leukaemia, 110
Uric acid levels in myeloproliferative diseases,
111
Urticana pigmentosa, 296

Vertical transmission of avian visceral lympho-
matosis, 48

Vincent's angina, in differential diagnosis of
acute lenkaemia, 215

Virus transmission of mouse leukaemia, 58

Viruses as possible infectrve agents in human
leukaemia, 62

Vitammun By in leakaemic serum and lencocytes,
116

X-rays, action on cells i vifro, 137
X-rays in treatment of leukaemia, 144, 249, 272

Zinc in lencocytes, 89
Zinc in lencocytes and in plasma, biochemical
assay, 115






