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THE JOSIAH MACY, JR FOUNDATION
CONFERENCE PROGRAM

CONTINUOUS ADAANCE tn the ficld of medicine requires not only new
discovenes at the frontiers of hnowledge but also cffectine communica
tion among mvestigators  New  break throughs  at any one spot muy
depend upon the ntegration of msights and technical shills dernved
from widely disparate areas of scientihc iy estization

The growing rolume of scientihc publications 1n stself imposes a
heavy burden upon the imvestigator to heep abreast of advances i hus
own ficld and discovenes 1n other branches of science pertinent to hus
particular interest  But there 15 another aspect of communication a more
personal one which has to do with the tendency of screntists at their
meetings to accept the lecture or other formal and hence uninterrupted
presentation as the major means of communication There are a number
of obstructions to communication by this method some of which are
obrious such as problems of national and technical language  Others
less evident and therefore more difficult to cope with are psychological
and cultural These have to do with unrecogmzed blind spots prejudices
and overattachment to or dependence upon an authority  or upon too
narrowly concerved critersa of credibility  Such hidden obstructions to
communtcatson form a major source of misunderstanding and even hos-
tility among saientists and threaten to delay the acceptance or proper
evaluation of new data and particularly to prevent genume cross-disct
pline understanding and multidiscipline team work

The Conference Program of the Josiah Magy Jr Toundation has
gradually evolved 1n an effort to deal more effectively with these hidden
obstructions to communication The participants are limited to twenty
five—ffteen to twenty regular members who attend the five annual meet
ngs of each group and the remainder guests mvited to one or more
meetings The group lives together for 2 days at a small 1nn away from
the distractions of a lacge city where the nformality of arrangements
contributes to the development of a warm and friendly atmosphere

The emphasis upon discussion provided for by limiting the presenta
tons to one or at the most two per day and by encouraging nterruptions
at any time during the presentation, and the tradition, now well estab-
lished, that authonty carnes Little weight 1n evaluating the credibility
of 1deas concepts and data, help to make the conference a forum for

7



3 Shock and Criculatory Homeostasis

searching examination of differences of opinion and of the reasons for
contradictory experimental results Overgeneralizations are quickly met
with the question “with respect to what?”

In the atmosphere of such a meeting 1t 1s often possible to discover
the basss for contradictory findings Thus the “farlure to confirm” 1s
frequently found to be due to previously unrecognized differences in
experimental procedure At such a meeting a scientist may discover that
his hostility to the concepts or data of another 1s engendered by the
cross-cutting of two contradictory but overgeneralized conclusions Once
the overgeneralizations are “cut down to size,” 1e, made to conform
to the limits within which there are supporting data, the threat to his
position disappears and hostility 1s often replaced by acceptance or con-
structive criticism

Members of the conference group become friends, spontaneous col-
laboration follows naturally With the growth of mutual confidence,
the members bring unpublished data and plans for expertments to the
conference 1n order to obtain critical judgment and suggestions from
the group

Finally, as an atmosphere of “free-floating security” 1s established,
the group becomes increasingly creative New suggestions for research
and working hypotheses are freely put forward, to be discarded, amend-
ed, or subsequently tested by expertment Often the most constructive
suggestion comes from a participant not immediately concerned with
the problem under discussion and able, therefore, to see the issue with
fresh perspecttve A genuine partnership 1n the growth of ideas 1s the
goal

The transactions of the conferences are published in order to share
the expertence of the meetings with a larger audience Although ver-
batim reporting 1s impractical every effort 1s made to preserve the spirt
of the conference Each participant 1s gtven an oppostunity to edit his
own contributions The Medical Editor 1n co-operation with the Foun-
dation staff reserves, however, the liberty to make some rearrangement
of materal to provide better continuity for the reader

The Foundation looks upon the Conference Program as an experi-
ment 1n communtcation, still 1n progress

FRANK FREMONT-SMITH, M D
Medical Director



ACTION OF EPINEPHRINE IN MAN

HENRY BARCROIT
Sherrmeton Sil ool of Phyunlogy
St Thomars Hospral

Lordon  England

I would like to describe for you some experiments imolving the
adruntstration of epinephrine to man  Although not all of these expert
ments were performed n our own laboratory some of them were and
1 am faurly famuliar with thase that were aot

These expeniments show the action of cpmcc‘swhnnc not only on the
arculatory system but also and 1n a more marked degree on the nenvous
system however as the action of epinephnine on man s nervous system
15 1n stself interesting and may have mmplications as regards the areu
lation perhaps for that reason there may be some justification for dis
cussing 1t at this time

The majonity of the experiments were performed on voluntary human
subjects In general the cpinephrine was infused 1nto the antecubital
ven while the subject lay on a couch In control periods saline alone
was infused and during experimental periods saline plus epincphrine
was admunistered Both werc infused from a mechanically denven syringe
at a constant rate of 4 m| per min  Tigure 1 shows the infusion machine

1 am not going to be concerned at this ume with the action of ept
nephrine on perspheral airculation but I would lihe to say a word about
the symptoms which the subject feels The rate of epinephrine infusion
was 10 ugm. per min - which 1s about the same as a cEmcal dose of 1 ml
of 1/1000 admunsstered 1n approximately an hour and a half

Most subjects are conscious of the fact that their heart 1s beating
rather strongly and with palpitations although 1t 15 not beating very

fast Many of them also notice that they are breathing more deeply and
more quickly than normally This 1s the first point that 1 think would be
worthwhile discussing in more detail
EFFECTS OF CPINEPHRINE ON RESPIRATION
Since we had been taught 1n the laboratory that the action of ept

9



10 Shock and Ciiculatory Homeostasis

i

FIGURE 1 An infusion apparatus By alternate use of the syringes, a continuous
infusion of saline 15 given throughout the experiment at the rate of about 4
ml /min As soon as a syringe 1s nearly empty the adapter on the tubmng 1s pulled
off the nozzle and fitted to the nozzle of the syringe The empty syringe 1s refilled
and replaced Epinephrine 1s added to the saline as and when required Photo
by P T Machell, Radiotherapy Workshop, St Thomas’s Hospital, London Re-
printed, by permussion, from Duff, R 'S  Effect of sympathectomy on the
response to adrenaline of the blood vesscls of the skin 1n man | Physiol 117,
415 (1952)

nephrine 1s to inhibit respiration, 1t did seem rather interesting that
when administered to man 1t should have the opposite effect This ques-
tion was investigated by two of my colleagues, Dr R F Whelan and
Miss Maureen Young (1), who made the infusions with a stethograph
in place so that they could record the respiratory changes One of these
expertments 1s shown 1n Figure 2 * The period of epinephrine mnfusion
1s clearly marked and the stethograph record 1s at the top The con-
spicuous thing 1s an increase in the depth of breathing shortly after the
admunistration of the epmephrine The bottom of Figure 2 shows the
time 1n munutes In that particular individual the stimulation lasted for
3 or 4 minutes and then more or less tapered off

We then began to wonder why it was that epmephrine stimulated
breathing The first thing likely to occur to one 1s that the epmephrine
1s sttmulating metabolism It 1s rather interesting to note that in some

t\Where adrenaline and nor-adrenaline appcar on figures, substitutc cpinephrine and

arterenol
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Fauke 2 ment showang that intray enows epmq;’hnm stimulates respira
tion 1n some human subjects top traang—stethographic revord of breathing
bottom tracing—percentage of C(g_, 1a alveolar arr - Stumultation of breathung was
not due to crease in the CO; tension of the blood Reprinted by permussion
from Whelan, R F and Young I M The effect of adrenaline and norad
renaline infusions on respirations in man  Brit | Pharmacol 8 98 (1953)

individuals arterenol stimulates breathing too and of course asterenol
does not have much of a metabolism stimulating effect The graph
undemneath the epinephrine record 1n Figure 2 1s that of the alveolar
COs and this shows a definite decrease Fsom this st 1s evident that the
effect on the respisatory center was not due to the fact that epinephrine
was increasing the COs tension m the blood It could be argued that the
subject was simply hyperventilating and washing out CO because of
psychic disturbance However thus was not so one subject promptly
went to sleep on the couch before he received eptnephrne and its in

fusion winle be was asteep caused the typical increase i respyration and
decrease n alveolar COs
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Maureen Young, together with Bradley, Gaskell, Holland, and Lee
(2), felt that perhaps the effect on the respiratory center might be due
to a stimulating action on metabolism which was producing acid metab-
olites like lactic acid and a change 1n the pH They undertook to repeat
the above observations but this time they investigated the change 1n pH
in the arterial blood rather than the alveolar CO: concentration Figure
3 shows results which are rather typical of the whole series of exper-
ments In those subjects 1n which the respiration was stimulated by
epinephrine, the pH, instead of becoming more acid, became more alka-
line during the stumulation The conclusion drawn from this was that
the epinephrine was not stimulating breathing because of the outpour-
ing of any acid substance into the blood stream 1tself

EFFECTS OF EPINEPHRINL ON THE NERVOUS SYSTEM

During studies with Dr I Starr (3) of the effects of epmnephrine and
arterenol mnfusions on the ballistocardiographic records of the heart, I
saw a patient suddenly begin to wave an arm in the air I had never
seen that happen before We stopped the infusion and the patient re-
turned to the ward, but the recollection of that occurrence remained and
the question came to my mind Had the epinephrine had some aggravat-
ing action on some latent neurological conditton? Later Robert Schwab,
who has a great many Parkinson patients, and I tried some epinephrine
infusions 1n Parkinson patients (4) and demonstrated that this sub-
stance aggravates the tremors

At a later date a film was made of the results of such experiments
by Dr C B B Downman and Dr R S Duff * In these studies the
dose of epinephrine was halved to 5 pgm per min In most normal
people the effect of 5 pgm per min 1s munimal, and 1n many cases the
symptoms caused by this dose are not noticeable at all + Figure 4 shows
a patient 1n whom the Parkinsonian tremor was aggravated by epi-
nephrine Loman (5) also has shown that intravenous injections of
eptnephrine aggravate the tremor

The experiments were repeated using arterenol but the result was
different although 1t raised the blood pressure to about the same extent
as the epinephrine Evidently arterenol does not have the same action
on the Parkinsonian tremor

These studies seem to indicate that epinephrine has some effect on
the nervous system 1tself There 1s, however, an alternative explana-
tion—that as a result of the epinephrine the patient 1s perhaps experienc-

#Unpublished obscrvations
+At this point 1n the symposium the above mentioned motion picture film was presented

It show ed accentuation of the Parkinsonian trcmor
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FiGURE 3 Experiment showing that the increase 1o breathing during, travenous
g‘zeph.nuc infusion 1n man 13 not due to lactic or any other acid in the blood

ing the infusion the arterial blood becomes more alkaline top traung—
astertal blood pH  bottom tracing—stethographic record of breathing  Reprinted
b'ijrmusmn, from Bradley R. D Gashell P Holland W W Lee, de J
and Youn,

g I M The aad base changes in arterial blood during adrenaline
hyperpnoea in man | Phynol 124 213 (1954)

ing some symptoms which 1n turn mduce a feeling of anwety The
anxiety may be the factor which 1s aggravatiny, the tremor it 1s difficult
to disinguwish between the two However if I remember rightly one
or two of the patients said that the first thing they were aware of during
the epinephrine mfusion was the increase 1n thetr movernents

Eremont Smuth 1s 1t possible that the last suggestion works just the
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FIGURE 4 Photograph made from one of the frames of a ilm which showed that
intravenous infusion of epinephrine aggravated the tremor in three patients suf-
fering from Parkinson’s disease The patient seen here exhibited no tremor before
thc infusion, but the film showed that the intravenous infusion of epinephrine at
5 ml /min soon provoked a marked Parkinsomian tremor Courtesy of Drs
C B B Downman and R S Duff in the Sherrington School of Physiofogy, St
Thomas's Hospital, London, England

opposite way, that the epinephrine itself produces, through its effect on
the nervous system, a sense of anxiety rather than that the patient ss
having anxiety 1n response to some symptoms, and that, therefore, both
the breathing and the tremor are the physiological response to endogen-
ous anxtety coming from epmnephrine 1n this case instead of coming
from psychological stimulus”?

Barcroft Yes

Frenont-Smith In making rounds it s commonly observed that as
the attending physician and his staft are approaching the bed of the
Parkinsontan patient, his tremor becomes greater and greater, until,
when the group 1s actually standing before hss bed, his tremor has be-
come just as great as that shown in your dlustration As the group
leaves the patient, his tremor subsides So 1t would seem to me that
since there 1s other evidence that epinephrine does evoke anxiety by its
effect on the nervous system, we may be seeing the effects here of anxiety
evoked by epmephrme rather than by the group making ward rounds
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Buarcroft Yes

Fremont Smtd - And this ties together both the effects on the respira
tion and the effects on the tremor

Barcroft Yes

Bradl(y We had that many patients respond to arterenol with feel
sngs of anniety 16 that voue expenience?

Barcraft 1 shouldn ¢ have thought normal subjects would It has not
been my expenience when moderte doses were admmustered to Parkin
sonsan patients either

Framont Snrth What doses were you using?

Bradlcy We wnere piving an infuston of arterenol at a rate of 7 pgm
permin In many instances because of discomfort to the patient 1t was
necessary to discontinue the infusion of arterenol althouch thesc sub-
jects did not know when the infusion of the drug began since it was
adminustered by njection throuch a side arm into an infusion system
which had been established at the bezinning of the study  The visceral
sensations which some subjects equate with fear others with anger
appear only when arterenol or epinephrine 1s administered

Stead Dr E C Kunkle (6) at Duke University has been tnterested 1n
the problem of how a man fcels after the administration of epinephrine
he has also been interested in the tremor phenomena  He does not
belive epinephrine atself s totally accountable for the anxiety but
believes that if an ndividual becomes sufficiently anxious he evpen
ences many sensations lthe those produced by epinephrine We finally
arrive at the point where we must ask what anxiety 1s and I would not
like to go beyond this

Mjers It might be interesting to mention that 1 a study of nsulin
hypoglycermia (7) quite by chance we encountered a patient who had
mild if not latent Parhinsomsm  The hypoglycemia which 1s known to
give mcreased epmephrine actinity  precpitated frank Parkinsonian
tremor We could not say that anxsety did not have some role 1n this
but the patient did not seem unduly anxious

Nickerson Have you studied the respiratory and  Parhinsonian
effects of sympathomimetics such as amphetamme and desoxyephedrine
that are used as central nervous system stimulants #

Bareroft No 1 have not

Nickerson It seems to me that the pattern you have described fits in

very well with what we might expect from the pharmacology and the
structure activity relationship of these compounds Sympathomimetics
which have a phenyl nng whether hydroxylated or not have a very
significant central excitant effect As far as I am concerned, the only
real reason for selecting compounds like amphetamine desoxyephedrine
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and ephedrine as clinical central nervous system stimulants s that the
absence of the phenolic hydroxyl groups makes their peripheral actions
sufficiently weak so that effective doses can be given without markedly
altering the blood pressure and heart rate All of the things you have
described here would fit into the pattern of stimulation characteristic of
a drug such as amphetamine One way of checking this point mught be
to study the compounds 1n which the ratio between central and pe-
ripheral actions 1s shifted in the direction of the central effect

I might say one more thing about anxiety Our expertence has not
been with infusions but with single intravenous injections of 1 ugm per
kgm of epmephrine This 1s equivalent to a small dose for an animal
and probably produces higher blood levels than are obtained with an
infusion This dose produces marked anxtety even though all phases
of the response have been explained to the patient I have expertenced
this in experiments on myself Iknew exactly what was going to happen
and yet I could not avoid a sort of latent feeling of terror This reaction
1s certainly greater than that produced by an equal central stimulant
dose of something like ephedrine I think factors other than central
nervous system stimulation are mnvolved Palpitation 1s a significant
factor, but 1t may not account for all of the difference

Lamport This response of the patient—feeling subjective anxiety
when some of the objective manifestations of anxiety are induced 1n
him—is really, of course, an example of the James-Lange theory of
emotions It 1s interesting that some of the patients respond this way,
as you say, and some do not Is it possible that this theory s right for
some people and wrong for others?

There 1s a modern recrudescence of the James-Lange theory in the
work of Nina Bull, who has sponsored what she calls The Attitude
Theory of Emotion (8) She and her coworkers offer evidence that
emotton cannot be expertenced subjectively if the body responses and
attitudes associated 1n the individual with this emotion are blocked so
that they do not appear I believe there are valid objections to the
evidence advanced for Bull's theory, but 1t may well include a kernel
of truth, however, other confirmatory studies are needed *

Harst 1 should like to ask 1f some of these effects might be the result
of 1schemia What effect has oxygen lack on the tremor 1n the Parkin-
sonian patient’

Fremont-Smith Ischemia where”

Harst 1should think perhaps of the basal ganglia, but reduced oxygen
supply to some part of the brain

*Lamport H Unpublished correspondence with Nina Bull and Blaisc Pasquarclly, 1951
and 1953



Attian of Epiephranc i Mo 17

Burton 1 would rather turn vour thoughts to the spinal synapsc as
being the site of the efleet of the epephrne on the tremor because
think 1t 15 i olved 10 a very comventent and plausible theory about the
nature of tremor As you hnow tremor of many types 1s dependent
upon the exsstence of the afferent arc The theon 1s that thus system of
muscle and the afferent arc together are nherently cipable of owil
lation of released from inhibition or  damping by cerebellar wnd other
influences Therefore 1 would think that most likely the effect of epi
nephrine 15 tn changing the excitability 1n the spmal center rather than
having some effect 1n the bran

Al Amsely Dr Hast ratsed the issuc of whether some of the changes
pethaps were ntsated by cutting off oxypen supply to those tissues
which were particularly supplied by the artertes which recened the
epinephrine this can be generalized to all the metibolites as well 1s the
oxygen

Isnt Parkinsontsm partly caused by loss of neurons or physical
changes 1n basal ganglia?

Tremont Smuh It certanly has to do with hasal canghia but 1 suspect
we do not hnow exactly what

1 think, there 13 also no good cvidence or at least there 15 a Load detl
of negatne evidence that epinephrine causes any general vasoconstric
tion of the blood vessels of the bran  This has been worked on for a
long time  However do not believe there 1s any evidence that would
exclude the possibility of a localized vasoconstricting property of
epinephnine partscularly 1n areas where there 1s a pathologreal condt
tion so 1t seems to me that this question could be answered only by
1solating the blood flow 1n speaific areas of the bratn I think as far as
total blood flow 1s concerned there 1s no good evidence of any signifi
cant reduction Isn t that correct sir?

Barcroft Yes

Fremont Smuth  And thus 15 equally true of the arculation of the
sympathetic nervous system

Hasst Tt should be possible to investigate this in the Parhinsonian
patient by giving him a low-oxygen atmosphere to breathe 1f there 1s
anything wn this theory that procedure should augment the tremor but
whether 1t does or not I do not know

Barsoft 1f T mught inject there just a word or two on this very diff
cult and obscure question, 1 think Dres King Sokoloff and Wechsler )
showed quite clearly that wnfustons of epinephrine do ncrease slightly

the cerebral blood flow Then of course there 15 the possibility of sub-
stances having specific effects on certain parts of the brain 1 do not
know anything about the direct effects of anoxta There 15 a surgical
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and ephedrine as clinical central nervous system stimulants 1s that the
absence of the phenolic hydroxyl groups makes thewr peripheral actions
sufficiently weak so that effective doses can be given without markedly
altering the blood pressure and heart rate All of the things you have
described here would fit into the pattern of stumulation charactersstic of
a drug such as amphetamine One way of checking this point might be
to study the compounds n which the ratio between central and pe-
ripheral actions 1s shifted 1n the direction of the central effect

I might say one more thing about anxtety Our experience has not
been with infusions but with single intravenous 1njections of 1 pgm per
kgm of epinephrine This 1s equivalent to a small dose for an animal
and probably produces higher blood levels than are obtained with an
infusion This dose produces marked anxiety even though all phases
of the response have been explained to the patient I have experienced
this 1n experiments on myself Iknew exactly what was going to happen
and yet I could not avoid a sort of latent feeling of terror This reaction
1s certainly greater than that produced by an equal central stimulant
dose of something like ephedrine I think factors other than central
nervous system stimulation are involved Palpitation 1s a significant
factor, but 1t may not account for all of the difference

Lamport This response of the patient—feeling subjective anxiety
when some of the objective manifestations of anxiety are induced 1n
him—is really, of course, an example of the James-Lange theory of
emotions It 1s interesting that some of the patients respond this way,
as you say, and some do not Is 1t possible that this theory s right for
some people and wrong for others?

There 1s a2 modern recrudescence of the James-Lange theory in the
work of Nina Bull, who has sponsored what she calls The Attitude
Theory of Emotion (8) She and her coworkers offer evidence that
emotion cannot be experienced subjectively if the body responses and
attitudes associated in the individual with this emotion are blocked so
that they do not appear I believe there are valid objections to the
evidence advanced for Bull s theory, but 1t may well include a kernel
of truth, however, other confirmatory studies are needed *

Hast 1should like to ask if some of these effects might be the result
of 1schemia What effect has oxygen lack on the tremor 1n the Parkin-
sontan patient?

Fremont-Smith Ischemia where?

Hasst 1should think perhaps of the basal ganglia, but reduced oxygen
supply to some part of the brain

*[amport H Unpublished correspondence with Nina Bull and Blasc Pasquarclly, 1951
and 1953
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anymote 1t relieves the teemar but the spasticny subl remains  In
other words and this 1s true of shinenng too 1f an anmal s made to
shiver and then the dorsal roots tn a limb are cut there will never be
anv tremor whatsocver in the imb  There witl be merely stiffness or
spasticits Tremor apparenthy i the penpheral limbs 1 duc to the
oallaton arc which 1s now undamped  althouch of course 1t 1s under
the control of hicher centers [ belicve that this 1s 4 very reasonable
theon

It would be ven 1ntetesting 1 tlunk to see whether or not the eps
nephune produced anvthing at all i 4 deafferented mb 1 personally
would think of this as being a metabolic cffect of epinephrine at the
site of those spinal centers

AMicrr Dr Shorr reminds me that pcrlups tn the patient I mentioned
the one who had hypoghcemia with the same accentuation of tremor
the absolute level of the blood sugar my have had something to do with
this  That 1s hard to say because that patient had symptomatic hypo
glycemia which I think would be assoctated with the release of epi
nephrine  Suffice 1t to say that the admumstration of glucose intra
venously promptly abolished the tremor

W Rmsely Were these double blind tests 1 thus term 1s generally
accepted as | mean st? Did the patient know the saline from the epr
nephrine and did the observer know one from the other?

Barcroft The patsents did not hnow  After the syninge contaning
the saline had been changed two or three times the patient was gren
saline with epinephrine added to it He did not know what the synnge
contained The obserser did know

Fremont Smuth You mean the obsenver mught gne a clue to the
patient /

W Kussely Thus 1s one possibility and also 1t 15 very difficult to heep
ourselves out of an nterpretation of behavior

Barcroft Yes but I am quite satisfied that epinephrine really does
aggravate the tremor

Fremsont Smub 1t was interesting to note n your hlm that the
Parkinsoman tremor charactenstically disappeared when the patient
reached over to pick up a cardboard thus proving that 1t was a true
Parkinsonian tremor

Burton 1 would be very interested to know whether the frequency of
the tremor changed however I doubt very much that it did again
wotking on the theory outlined to you It has been shown that the
tremor of shivering 1s governed by the mechanical weight of the himbs
as well as the characteristics of the reflex motor arc so that 1f a limb 15

loaded the tremor rate 1s altered This 15 true of this sort of tremor also
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treatment of Parkinsonism which 1s being worked out on the basis of
ligature of the anterior chorosd artery which would make the basal
gangla 1schemic In the cases that it improves it would seem to be on
a basis of anoxia, but perhaps a chronic anoxia of that sort 1s different
from an acute anoxia One 1s perhaps inclined to think this would not
be due to an acute anoxia of the basal ganglia because one would expect
that arterenol would have a more definitely constrictor effect than
epinephrine on most of the blood vessels of the brain, arterenol should,
therefore, cause more accentuation of the tremor than epmephrine does,
but 1n fact arterenol does not accentuate these tremors whereas
epinephrme does There 1s some specific thing about the action of
epinephrine—perhaps not vascular—which seems to have this effect
Fremont-Smith There 1s, 1s there not, a tremor in the normal in-
dividual when he 1s overreacting to epmephrine? The old Gurst test
with epinephrine 1s familiar to us, so that Parkinsonism could be thought
of as an accentuation of this It would be interesting to do the same
experiment with other forms of involuntary movement and tremor, the
tremor of multiple sclerosts, the senile tremor, and other such move-
ments, to see whether one was dealing with a general phenomenon or
one which was specific for Parkinsonism It seems to me 1t opens up a
fascinating approach to the whole problem of involuntary movement,
about which we know exceedingly little To me, one of the interesting
aspects has always been the fact that, as far as I know, all such nvolun-
tary movements cease with sleep, I do not know of any of them which
continue with sleep It would be interesting to see whether such an
injection, given to a Parkinsonian patient while he was asleep, could
bring out the tremor or whether 1t would awaken him at once
Brng What about the metabolic changes that can occur 1n the brain
following the injection or infusion of epinephrine? Is there anything
known about that aside from the work of Dr Kety? Isn't 1t possible
that some of these phenomena which you observe are actually accom-
panied by, or due to, changes 1n cerebral metabolism? Has that been
investigated
Baicioft Not as far as I am aware Dr Burton has mentioned a
possibility of the accentuation of some spinal reflex The only pomnt I
could add to that s that epinephrine itself, when given nto the artery of
the Parkinsonian patient 1n such a way that 1ts concentration 1s increased
in the terminal elements alone, 1s not responsible for this reaction It
1s defintely not a peripheral effect but an effect on the brain or spinal

cord
Burton A method formerly used to relieve some patients from

Parkinsonism was to cut the afferent nerve but I do not think that 1s done
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Harst Mice wath in<ulin bypoglveemia certainly may become sery
wrrtable agitated and ptten before they wiually comulse

Fremer s Smah Dr Bradley spoke of some patients who became
anxious and others who bevame antigonistic when geven epinephrine
This 15 ven nteresting, bevause at s 8 farrly general rule that when
anxien cannot be expressed 1t is very hikely to show ntself as hostility
I was quite struch by this because epinephrine 15 a drug, which rather
charactenstically produces anacty ind some of the patients did not
complain of anxicty but did become hostile

This 1s ven ateresting, an its own right and it s important also in
terms of communication It certamnly o teue that ol of us have had
people hostile to our 1deas and surcly a few ot us have been quite hostile
to someone clse s tdeas  Perhaps when we hind ourselves beng, hostile
to someone clse s 1dea ot 15 berause that 1dea muales us a hetle anvous
1t threatens our own pomnt of view ind of course we would not admat
for a minute that amyone could mibe us anxious so we repress our
tendenay to feel santous and the cesult ts that we feel hostile mstead

Pethaps this 1s something that we can learn about communication 10
terms of ourselves If we become hostile to anyone elses 1dea we
should ask vurselves wly that should make us anxious and likewise of
another persun becomes hostile to our pomt of view instead of bemny,
angry with him we might say to oursclves that this makes him a little
anxious so pethaps we have w dlue Thus does two thinegs 1t makes one
a little more objectiv ¢ to the situation at once and 1t may give one a better
mterpretation of how the other fcllow s reacting, [ suspeet that ety
turning nto hostility ts one of the greatest sources of obstructwon to
communication 1n general and to science 1o particular

EFFLCTS OF EPINLPHRINT ON THI BLOOD FLOW IN THI HAND

Barcioft Dr H ] C Swan (10) recorded blood flow 1n the hand
measured by the plethvsmograph (Figure $) I am not ashing you to
be concerned with the plethysmog raphic method but only to limit our
discusston to this question of epinephrine the nervous system and
arculation  For the period shown there was given an mtravenous 1n
fusion of epinephrine as I have described During, the period of
wfusion, there was constriction 1n the hand but afterward there was
vasodilation A few minutes after the infusion 1s stopped a flush
appears which coincides farrly closely in time with this demonstrable
increase n hand flow  The arrow shows when the flush began This
can be seen fauly regularly in these nine records although the basal
level of the hand flow 1s rather different I am inclined to think that
thus phenomenon was a sort of reactive hyperemia the blood flow being
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so I doubt very much if the rate changed But did you check that at all?
It 1s quite difficult, perhaps, to do You would have to have a recording,
wouldn’t you?

Bascroft 1 think perhaps we may have done 1t If we did, 1t did not
change

Fremont-Smuth 1 believe Stanley Cobb showed a film years ago 1llus-
trating that each of these tremors has its characteristic electromyelo-
gram, 1t would be very easy to make a myelogram of this and determine
whether or not the rate was changing However, I think that one would
probably find, as you indicate, Dr Burton, that the characteristic pattern
remains, 1t 1s simply the amplitude that 1s accentuated

Stead 1 think 1t 1s worth mentioning that Dr Barcroft has already
shown us what we need to do next, or rather, what he needs to do next,
namely, to repeat in the tremor studies exactly what he did with the
respiratory studies He could tell us the difference in the response from
internal carotid and vertebral njections, and he might try a catheter 1n
the vertebral artery too

Green Epinephrine and arterenol in the dog, at least, are fairly potent
cerebral vasoconstrictors, whereas, i1sopropylarterenol 1s a dilator It
would be interesting to use 1sopropylarterenol, then one would be able
to see whether the effect 1s a metabolic one rather than a vasoconstricting
one 1n the brain

Baicioft 1 would like to return to one point that Dr Burton raised
and unfortunately dropped, that 1s, aside from the question of the
anatomical localization here, I believe he mitially referred to the posst-
bility that this was an action on an inhibttory system It might be an
inhibitory system 1n the brain stem Although the picture we see 1s one
of excitation, 1t may be that we are here concerned with the inhibition of
an inhibttory system

Fremont-Smuth Of course, 1t 1s concetvable that the tying-off of the
anterior chorotdal artery leads not to just an area of reduced blood
supply but to actual necrosis of areas and destruction of certain ganglion
cells Do we know about that, Dr Barcroft?

Baicroft 1am afrard I do not

Fremont-Smith The cells would be acutely put out of function if the
main blood supply to them were to be cut off, so that they would be, to
all effect, dead within a very few seconds from the time the artery was
shut off, therefore, the permanent effect on the tremor might be caused
by their betng permancntly put out of commusston or killed

Harst Dr Myers, 1s 1t possible to inducc a tremor with nsulin

Myers We have no such studics
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Fromort Smith Docs the phase of vasoconstraction correspond by
chance to the period of hypenentilation? I o dont we hnow that
hypenentilation stself Cuses v wsoconstriction ?

Barcroft Yes that 1s perfectly true Dr Fremont Smuth but [ do not
think this 1s due mainly to that because as I shall show later this effect
occurs 1f the epmephrnine 1s given antra artenally into the arm and
reaches the hand n such dases as would have very small or negligible
effects when the drug traveled round and got anto the arculation
general

Fremont Smuth But you would obtain an accentuation of two effects
where 1t 15 given intrasenously

Burcroft Yes that is perfectly true

Harst \\ ould the respiratory ettect be mnjust one phase of respiration #
For example with mspiration would there be vasoconstriction? With
hyperventilation vasoconstriction oecurs i shin but it may not be so
for muscle

Fremont Smnh But isn t this shin#

Barcroft This 1s the entire hand and from the vascular point of view
I think 1t can be considered to be mainly skin

From Figure 6 another of Dr Swan's blood pressure records it 1s
evident that the ncrease 1n flow afterward certanly 1s not due to any
increase 1n blood pressure n particular the peak of the flow s not at
the highest point 1n the blood pressure That leaves this posstbility still
open—that 1t 1s 2 hind of reactine hyperemia

Figure 7 shows the same plethysmographic records but in this case
infusions of epinephrine were made directly into the brachial artery and
doses were appropriately reduced to about one fortieth of their previous
value so that the hand recenved about as much epinephrine as 1t would
have had the epinephrine been grsen ntravenously The calculation
1s only a rough one and I do not claim that the cotrespondence 1s alto-
gether accurate We attempted to ensure that the hand got about the
same amount of epinephrine in either class of expenment In these
experiments the strihing thing however (s the absence of overshoot
after the epinephrine nfusion 1s finished That seems to dispose of the
tdea that this 15 a reactive hyperemia effect This set Dr Swan to
wondering then what had caused this effect 1f 1t was not a local one
Was 1t because the ntravenous epmnephrine had lberated some vaso-
dilator substance into the blood stream which was causing this vasod:
lator effect in the hand?

In order to test that Dr Swan carried out a further set of experiments
?%csubwcts who were sympathectomuzed If intravenous epinephrine
iberated a vasodilator substance into the general arculation then the
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IGurc 5 Rcsults of twelve experiments showing that intravenous infusion of
epinephrine was followed by vasodilation in the hand In cach experiment 20
pgm was given for 3 min The infusions were madc between the 11th and 14th
minutes The shaded blocks represent (half-scalc) the average flows rccorded 1n
the pcnods 0 to 10 min and 17 to 27 min Thc arrow represents the commence-
ment of flushing of the facc  Reprinted, by permission, from Swan, H J C

Obscrvations on a central dilator action of adrenaline 1n man | Physiol 112,

426 (1951)

shut down by the epincphrine, and that when the epmncphrinc wore off
the local accumulation of mctabolitcs was responsiblc for this effect
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FioLRL 7 Results of ninc experiments showing that ifusions of cpincphnine into
the brachial artery arc not moutd by sasodilatron in the hand Vouem epr
ncphrine was g1ven nto the brachial artery for 3 min from the 11th to the 18th
minute. The shaded blocks represent (hall scale) the average flows in the periods
0to 10 min and 17 to 27 min  Reprinted by permiseron from Sean H ] C

Obsenations on a central dilator action of adrenahine 1n man [ Physiol 112
426 (1951

Lamport Are the epinephrine eftects greater with sympathectomized
limbs »

Barcroft The constrictor eftect of epinephrine 1s greater 1 some
sympathectomized limbs but not 1n others

Fremont Smuth Thus 1s a possible interpretation We do hnow that tf
an mndrvidual places one hand in hot water the other hand promptly
dilates as if to get nd of the extra heat which 1s being absorbed n one
band, and vice versa in cold If one were to assume that the epinephrine
admuustered intravenously 1n the normal ndividual caused a fairly
general temporary vasoconstriction n the shin 1t would reduce the loss
of heat over the whole body for a short time and, therefore there could
be a compensatory vasod:lation afterward to maintain the homeostasis
of temperature control Your sympathectomized patients apparently
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FIGURE 6 Results of an experiment showing that the “after-dilation” in the
vesscls of the hand following an intravenous infusion of epinephrine cannot be
duc to a r1se 1n blood pressure The experiment shows that the blood pressure was
not raised at the time of the vasodilation Reprinted, by permission, from Swan,
H ] C Observations on a central dilator action of adrenaline 1n man [
Physiol 112, 426 (1951)

after-dilation” should occur in these sympathectomized subjects Figure
8 shows, however, that the overshoot was absent in the sympathect-
omized subjects Since the overshoot 1s absent, the conclusion seems
to be, therefore, that the overshoot 1s present only when the nerves are
there and that 1t 1s caused by a change in vasomotor nerve tone
Dr Swan therefore thought that the explanation of the overshoot was
taking us back again to the action of the epinephrine on the central
nervous system, and the situation was that the epinephrine was causing
a local constriction of the skin of the hand while it was being infused
but at the same time 1t was having a central inhibitory effect on the vaso-
motor center However, its cffect on the center was marked during the
infuston period by a local constriction  Aftcr the end of the ¢pincphrine
infuston, the local cffcct worc off before the central inhibitory cffect and
therefore there was a period of dilation Tinally the cffect of the ¢pi-
ncphrine on the center v ore off and the blood flow rcturned to normal
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action of the epinephrine on it but bec wse of some action from a higher
center such as the hypothalamus i response to the needs of tempera
ture reculation
Lamport It seemed to me the amount of epinephrine needed to obtun
an effect micht be w0 small beuause of sensitization resulting from
denenation that the central effect of the epmephrine miLht hive been
lost even though you were still obtaming the same periphent effeut
quantitatinely as s found in the nonsympathectomred person | do not
know whether that 1s what you had i muind Dr Fremont Smuth but it
seems to me relevant  In other words was the dose of cpmﬂvhnm
needed much less bocause the tissues were ssmpathectomized and
therefore sensitized #
Burere fs The doses used mn the normal subjects were often the same
as those used 1n the sympathectomized subjects
Fremont Smuh W as this done immedintely after the sympathectomy
or had there been time for degencration
Barcroft There had been time for degencration
Fremont Smath Pechaps T misunderstood but I would have expected
an exaggerated response 1n the descnsttized person wath actual spasms
of much lancer duration than you obtained i the normal patient
Bareroft W hen the hand 1s measured in this way as it has been in the
further series of experiments by Duff (11) with sensitivaty changes
after sympathectom) we find that the sensitivaty 1s increased i about
$1x out ofptcn people after sympathectomy but in the other four there
1s no change n sensitivity to epmephrine
Erenont Snuth  And these fell in the other four”
Barcroft 1 could not say
Fremont Snuth That 1s very interesting
Green 1 wonder 1f the interpretation of desensttization after sym
pathectomy has not been overemphasized  In a similar study (12 13)
w e made a sentes of intra arterial injections 1n animals before and about
4 weeks after chronic denenation We could find no increase n senst
trvity esther to epinephrine or arterenol and in view of what Dr
Barcroft says [ wonder 1f we are not overemphasizing the importance
of this so-called sensitization produced by denervation
Barcioft Figure 9 shows some of Dr Duff s sensitivity results It
looks very complicated but it 1s not really At the top are the records
of the blood flow in each of the two hands of a Raynaud patient the
top two records are preoperative There 15 2 needle m the patient s
brachial artery on one side The record from that side 1s the one with
the thick line The other side the broken Line was recorded purely for
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FIGURE 8 Results of nine experiments showing that intravenous infustons of
epinephrine 1n sympathectomized subjects are not followed by vasodilation The
“after-dilation” following similar infustons 1n normal subjects are therefore
probably mediated by the vasomotor center and sympathetic nervous system (See
previous figurc for significance of shaded rectangles ) Reprinted, by permission,
from Swan, H | C Observations on a central dilator action of adrenaline 1n
man | Physiol 112, 426 (1951)

reacted to the epinephrine with a vasoconstriction 1n just about the same
manner as the normal patient does

Barcroft Yes That was the direct effect of the epmephrine on the
blood vessels in the hand  They had just the average constriction

Fremont-Smth Just as if they had not been sympathectomized

Barcrofr 1 think the constriction 1s mainly due, 1n normal and n
sympathectomized subjccts to the direct effect of the epinephrine  But
I do very much appreaiate your pornt, Dr remont-Smith, that it 1s the
normal subjccts who have this overshoot  Could that be becausc they
werc warming up when the cpinephrine was bang infused /

The cyplanation that scams to be a very reasonable onc s that the
vasomotor center 1s inhibiting 1ts tone not so much because of the direct
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15 not much cffect W e then follow that by 1 16 of a pem and that s
folloned by 178 of a uum  and there 1s 4 shieht suggestion of constric
tron with both of those
You will note that in this patient postoperatinely there was a greater
effect of the epincphrine on the sympathectomized side than on the
opposite side which was recenang no cpmephrine In this patient there
fore sympathectomy hid caused some <ensiization of the vessels but
Dr Duff has tried this with a veny laege number of these patients and
his expertence 15 that about <ix out of ten hands showed the picture that
1s given here of increased sensitization and the other four do not show
any such sensitization
Furthermore this 1s not related to the type of sympathectomy  on
the whole, the ones that do show the sensitization tend to be the pre
ganglion sections  the ganglionectomies on the whole tend not to be
sensitized  So that 1 would acree Dr Green with what you have said
I think that cpinephrine sensitization of wsell does not esplain the
absence of overshoot that occurs m the blood vessels following sym
pathectomy
Tremont Smuh A very important observation
Monlgomrn Dud you do reactin e hyperemia tests an the patients with
sympathectomized arms and obtain large orvershoots #
Barcrofr 1 think that Grant (11) showed that reactine hyperemia
does occur after sympathectomy
Montgomery 1 thought 1t mitht occur in considerably less degree
use the imtsal flow scemed to me to be higher in the sympathecto-
muzed hands 1n your cxamples so that the top flow  might be limited
Bareroft On the other side 1 do not thmk they were anything ke
maximal Dr Montgomery | am sure they were not and I am sure
they were capable of dilation
Burton Those patients are not in spasm so that the level of blood
flow does not mean anything
Barcroft Not very much It 1s interesting that the level 1s sometimes
actually lower 22 days after sympathectomy than it was on the day the
Pattents were examined before sympathectomy
mfremonl Smuth One might hazard that the patient was 1n 2 warm
m
Barcroft Yes both times
Stead You might hazard also that the increased sensitivity 1 the
tracing was due to the fact that the sympathectomized hand was
more greatly dilated and if you put & hittle more hot water around the
nomal hand his responses might have looked much the same
Barcroft The dilation ts much the same In the after sympathecto-
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FIGURE 9 Results showing supersensitivity of the vessels of the hand to epi-
nephrinc following sympathectomy Blood flow 1n the left (continuous line) and
right (broken line) hands before (top) and after (bottom) operation  Salmne
was nfused into thc left brachial artery throughout each experiment and ept-
ncphrine added for short intervals of time in the doses shown on the figure Little
or no cpinephrine could have reached the 17ght hand The vasoconstrictor action
of epinephrine on the vessels of the left hand was more conspicuous after sym-
pathectomy The fact that these vasoconstrictions did not occur 1n the 11ght hand
showcd that 1n the /eft hand thcy must have been due to epinephrine Reprinted,
by pcrmission, from Duff, R S Effect of sympathectomy on the responsc to
adrenaling of the blood vesscls of the shinin man | Physiol 117, 415 (1952)

control purposcs, so that if diminution 1n flow occurred it would have
signtficance 1f there was no similar diminution on the oppostte control
stdc

In the middle of the diagram you will see an indication of when the
saltne was grven nto the brachial artery, when epinephrine was added
to the saline and v hat the dosc of cpinephrine was  You will see that
we start with 1732 of 1+ pem of ¢pincphrine and prcoperatively there
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15 pot much effect We then follow that by 1/16 of a pgm and that 15
followed by 1/8 of a pam  and there 15 a shight suggestion of constric
tion with both of those

You will note that in this patient postoperatively there was a greater
effect of the epinephnne on the sympathectomized side than on the
opposite side, which was recen ing no epinephrine In this patient there
fore, sympathectomy had caused some sensitization of the vessels but
Dr Duff has teied this with a very large number of these patients and
his experience 1s that about six out of ten hands showed the picture that
15 given here of increased sensitization and the other four do not show
any such sensitization

Furthermore this 15 not related to the type of S)WIathn’mm) on
the whole the ones that do show the sensitization tend to be the pre
ganglion sections the ganglionectomies on the whole tend not to be
sensitized  So that 1 would agree Dr Green with what you have sad
I thunk that epmephrine sensitization of itself does not explain the
absence of overshoot that occurs mn the blood vessels following sym
pathectomy

Fremont Smuth A very important obseration

Montgomery Did you do reactn ¢ hyperemia tests in the patients with
sympathectomized arms and obtain large overshoots?

Barcroft 1 think that Grant (14) showed that reactne hypetemia
does occur after sympathectomy

Montgomery 1 thought 1t might occur 1n considerably less degree

use the 1aitial flow seemed to me to be higher 1n the sympathecto-

muzed hands in your examples so that the top flow might be limited

Barcroft On the other side? 1 do not think they were anything like
manumal Dr Montgomery I am sure they were not and 1 am sure
they were capable of dilation

Burton Those patients are not 1n spasm so that the level of blood
flow does not mean anything

Barcroft Not very much It 15 interesting that the level 1s sometimes
actually lower 22 days after sympathectomy than 1t was on the day the
patients were examined before sympathectomy

Fremont Smith One might hazard that the patient was 1n 2 warm
room.

Barcroft Yes both umes

Stead You might hazard also that the increased sensttvity 1n the
bottom tracing was due to the fact that the sympathectomized hand was
more greatly dilated and 1f you put a little more hot water around the
normal hand tus responses might have looked much the same

Barcroft The dilation 13 much the same In the after sympathecto-
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muzed ones, the initial blood flows, about 7 ml, start off approximately
the same 1n both hands Perhaps I have not understood your point

Stead As you follow the tracing along, though, there 1s much more
vasoactivity

Baicioft That 1s so

Stead There 1s never but one base line that 1s comparable

Baicioft In Figure 10, the flow on the control side 1s only slightly
lower

Stead This seems more convincing, though

Baicroft Yes, I think 1t 1s a true phenomenon, all right, on that side
You see, we are dealing here with this situation The control hand s
used simply to see whether there 1s a bilateral effect occurring The
epmnephrine 1s going solely to the hand which 1s indicated by the heavy
line because 1t 1s going into the artery, therefore the difference in the
level of flow 1s not really relevant to this, because the other hand 1s used
simply to indicate whether there are simultaneous changes or not

Fremont-Snuth Simultaneous directional changes?

Barcioft Directional changes, exactly

Fscmont-Smith But 1t 1s not being exposed to the same epinephrine
at all

Barcroft No

Buiton We have discussed so many things since you were outlining
your prime theories about overshoot, or limitation, could you outline for
me what you now think 1s a tenable theory of this overshoot?

Barcroft 1 would suggest, with Dr Swan, that epmephrine has an
mhibitory action on the vasomotor center or on some mechanism that
controls the vasomotor center, that when eptnephrine 1s given intra-
venously 1t gets into the general circulation and 1n the hand its action 1s
directly on the blood vessels, causing constriction

There 1s simultancously a direct or indirect action on the vasomotor
center which causes an inhibition of the sympathetic vasoconstrictor
tone but that 1s not manifested at the time because of the local action
of thc cpicphrine on the blood vessels of the hand When, however,
thc infusion of c¢pincphrine stops, the local constrictor cffcct of the
cpmnephrine v cars oft first, before its inhibitory cffect on the center
w cars oft

Burton Ycs, that 1s veny dear now

I wod 1 should Iih o to suggcst that the mhibitory dffect may be a
refles one that 1t scems to me the obvious conclusive experiment 1s to
repett the intrac trotid injections and measure the blood flovr of the

hind

Lircront Yes I mvonc sees the possibility of domg these intra-
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FIGURE 10 Results showin supersensitivity of the vessels of the hand to eps
ncphniae following sympathectomy  (For lanation see legend of previous
figare ) Repnated by permusston, from D\?B{PR S  Effect of sympniccm
on the response to adrenaline of the blood vessels of the skin 10 man. | Phyiro
117 415 (19%2)

carotid artery experiments I would be very interested
Selkurt 1t would be a little surprising 1f you had & central dilating

effect that it would not show up with a change in flow on the other side
Barcroft No

Selburt Presumably the dose 1s so reduced that not enough of 1t gets
back to manifest an effect?
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Baicioft That 1s right The intravenous ones which we have been
discussing were at 10 pgm per mun, and here, intra-arterially, we have
01 pgm which 1s 1/40 of that given intravenously, most of this 01
pgm will leave the circulation 1n the capillaries, so I think that explains
the difference

METHODOLOGY
A PLETHYSMOGRAPHY

I would now like to discuss with you a narrower and much more exact
topic—methodology My own experience 1s limited to work with the
plethysmograph, so I thought I might ask you to help me to explain why
it 1s that different methods give different results when applied to the
measurement of the effects of intravenous infusions of epiephrine on
the blood flow 1n the forearm My empbhasis, though, will be very much
on the methods and why they disagree rather than on an explanation of
the effect of the epinephrine on the forearm circulation The methods
I will discuss are the plethysmographic method, the Hensel thermo-
electric needle, the radio-sodium method, and a modificatton of Krogh-
Landis-Turner's capillary filtration method The disagreement between
the plethysmographic and the radio-sodium methods has been shown
by Dornhorst (15) We shall take these methods into consideration,
then 1in that order

The principles of the plethysmographic method are quite generally
known (16) but perhaps we might review them quickly Figure 11
shows the method for measuring the rate of the circulation n the calf,
which has been enclosed 1n a watertight container When 1t 15 destred
to measure the flow, the cuff around the ankle s inflated to 200 mm
Hg to stop the circulation 1n the foot and approximately a minute later
the cuff on the thigh 1s inflated to approximately diastolic pressure The
arterial inflow continues, blood collects 1n the veins, water 1s displaced
upward 1n the vertical tube, and air 1s displaced into the float recorder
which draws an upward sloping line on the moving paper

The volume of the calf 1s measured after the expcriment and the float
recordcr 1s calibratcd  the rate of the arterial inflow s calculated from
the slopc of thc curve and expressed in mullditers of blood pcr 100
mullihiters of the calf por minutc

Burton Dr Barcroft do you thinb that if the thigh cuff 1s quite
distance from the beginning of the plethysmograph this can causc an
crror” 1 orcalize mmomost arcumstinces 1t may be necessary to have o
space betveen, but would 1t not be better to have the cuff closer to the

plctln smograph
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FIGLRE 11 Dugram showing the pnnaple of the method of plethysmograph:

25 applied to the calf of the leg The ankle cuff 13 1nflated to Zogmn?x HgB (Enz
munute later the thigh cuff 15 inflated to & swtable pressure somewhat higher than
diastolic pressure. Artenal inflow continues for a time unhindered tﬁc empty
calf veins distend and air 13 displaced 1nto the recorder which draws an up-
ward sloping line on the moving paper  After the expeniment, the recorder 13
(alibrated the speed of the drum measured and the volume of the alf found by
water displacement. Calf blood flows are then calculated from the slopes of the
tracings and expressed 1n ml /100 ml alf/min  Repnnted permussion, from
Shephcni. ] T Some Observatrons on the Collateral Crrexlation i Man M

Chir Thews Belfast, Queen's University 1948 (p 33)
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Baicioft: That 1s right The intravenous ones which we have been
discussing were at 10 pgm per min, and here, intra-arterially, we have
01 pgm which 1s 1/40 of that given intravenously, most of this 01
pgm will leave the circulation in the capillaries, so I think that explains
the difference

MLETHODOLOGY
A PLETHYSMOGRAPHY

I would now like to discuss with you a narrower and much more exact
topic—methodology My own experience 1s limited to work with the
plethysmograph, so I thought I might ask you to help me to explain why
it 1s that different methods give different results when applied to the
measurement of the effects of intravenous infusions of epinephrine on
the blood flow 1n the forearm My emphasts, though, will be very much
on the methods and why they disagree rather than on an explanatton of
the effect of the epinephrine on the forearm circulation The methods
I will discuss are the plethysmographic method, the Hensel thermo-
electric needle, the radio-sodium method, and a modification of Krogh-
Landis-Turner’s capillary filtration method The disagreement between
the plethysmographic and the radio-sodium methods has been shown
by Dornhorst (15) We shall take these methods into consideration,
then, 1n that order

The principles of the plethysmographic method are quite generally
known (16) but perhaps we might review them quickly Figure 11
shows the method for measuring the rate of the circulation in the calf,
which has been enclosed 1n a watertight container When 1t 1s desired
to measure the flow, the cuff around the ankle 1s inflated to 200 mm
Hg to stop the circulation in the foot and approximately a minute later
the cuff on the thigh 1s inflated to approximately diastolic pressure The
arterial inflow continues, blood collects 1n the veins, water 1s displaced
upward 1n the vertical tube, and air 1s displaced nto the float recorder
which draws an upward sloping line on the moving paper

The volume of the calf 1s measured after the experiment and the float
recorder 1s calibrated, the rate of the arterial inflow 1s calculated from
the slope of the curve and expressed in mulliiters of blood per 100
mulliliters of the calf per minute

Buston Dr Barcroft, do you think that if the thigh cuff 1s quite a
distance from the beginning of the plethysmograph this can cause an
error? I realize 1tn most circumstances it may be necessary to have a
space between, but would 1t not be better to have the cuff closer to the

plethysmograph



Actiont of Epmepbrine 11 Man 35

Bareroft That 1s perfectly nght

Lampors Of course even the upper part of the limb and the lower
part would have significantly different effective tissue pressures com
pared with the exposed hmb

Al Ruesely May 1 say one thing sir? Oftentimes the uttlization ot the
design of an instrument depends very much upon the purposes for which
it 15 designed The discussion has revolved around the internal construc
tion of the apparatus This certainly should be very useful for some
purposes and 1t may have limited usefulness 1n others What are the
1najor purposes’

Barcroft The purpose of this water plethysmograph 1s to contsol the
temperature of the imb very carefully so that sf the effect of thcﬂyro
cedure 15 being examined the level of the flon before the procedure
can be compared with the level of the flow duning the procedure There
may be quite a long inten al betw een the rerords perhaps half an hour
If dunng that ime the temperature were to change then errors might
be mntroduced, and that 1s why 1t 1s a good thing to have the plethysmo-
graph water filled and at a constant temperature

Al kusely 1s the water static or do you circulate constant volumes
through the plethysmograph?

Barcroft The water 15 not curculated but rdeally 1t should be stirred
all the tune and the temperature mamtamned within the limit of 34 to
35 C It 1s exsentially a constant temperature plethysmograph

Montgomery Is one of your purposes in using water of a gtven temp
erature to try to keep the cutancous flow as constant as possible while
you are measuring the muscle flow?

Bascroft Yes

Green Do you think the effect of the temperature i the plethysmo-
graph 1s due to the effect of the temperature on the organs mstde or a
reflex effect mediated through the body? The reason I ash 1s we have
been very much unimpressed by the effect of organ temperatures on 1n
herent blood flow if the organ 15 decentralized

Barcroft 1 had imagined Dr Green, that we were dealing mainly
with local effects there Certainly in the chronically sympathectomized
lmb where the part 15 separated from the vasomotor center temperature
has quite & marked effect on the tissue blood flow (20) *

Stead 1wonder of 1t may not reflect the way in which the temperature
15 changed When the air temperatute around # sympathectomized past
1s changed, I have the impresston that blood flow does not change much
1f 2 sympathectomized part 1s put 1n a water plethysmograph, the blood

*Here ag1 o the comment and reference are v cutaneous Buw 1n the hand plethysmograph
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Baicioft That 1s right and quite often we do place 1t just below the
knee

Montgomery Dr Barcroft, I assume this 1s a water-filled plethysmo-
graph You have found an optimum temperature for the water

Baicioft The plethysmograph I have illustrated here 1s a water-filled
one

Montgomery Isn't the temperature something like 33° C?

Baicioft Yes, 34° to 35° C 1s the best

Montgomery Would you comment on that for the benefit of all of us?

Bascroft Yes Dr Edholm (17) was largely responsible for this
choice of temperature His aim was to use a temperature which, so far
as possible, maintained all the tissues of the limb at the same tempes-
ature as that of the normally clothed limb He therefore measured the
temperature at different points in the limb with a thermoelectric needle
mmmediately after the clothing had been drawn away, and he also meas-
ured the temperature 1n the limb when 1t was immersed in water at a
series of different temperatures and he found that water temperature of
between 34° and 35° C was best suited to keep the parts at normal
temperature

Montgomery And higher temperatures than that increase the flow.
and lower temperatures than that decrease 1t?

Baicioft That 1s quite right For instance, at one time Grant and
Pearson (18) used a water temperature of 30° C but that cools the
tissues and the blood flows obtained at that temperature were subnormal

Stead These blood flows, however, are widely affected by ambient
temperature If a person gets hot, then the blood flow increases 1n spite
of the sort of neutralizing effect of the local water bath

Baicioft Yes, to some extent Spealman (19) has shown that *

Lampost Dr Barcroft, would the pressure of the water 1n the ple-
thysmograph influence the findings? Do you obtain a different result
with the air plethysmograph? I gather you sometimes use one type and
sometimes the other

Barcroft That 1s right  Small differences 1n the water pressure do not
seem to make very much difference

Burton 1 think you should say that that diagram, which s schematic,
greatly exaggerates the column of water about the leg, doesn’t 1t? In
practice, 1t 1s not more than an inch and a half, 1s 1t

Barcroft That would be right

Burton It looks a lot worse than 1t 1s, 1s that right?

P ments and references apply to skin flow measurcd with the hand plethysmograph
1’22;20?}116 method Dr Barcroft 1s presenting measures prinapally of blood ff(m 1n the

s} eletal muscle of the calf
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using the plethysmograph not on the calf as shown previously but on
the forearm The whole setup 1s essentially the same including the intra
venous infusion of the epmephrine You see that ductag the nfusion of
eptoephrine 1n this typical case there 1s an nitial farge transient dilation
lasting about 2 minute and then after that a much smaller sustamned
vasodilation which lasts for the remainder of the infusion In this case
the infuston has lasted 10 minutes

I do not wish to discuss the reason for these changes at ths time but
1 would lile to show you that they are consistent with the plethysmo-
graphic technic Table I shows the numbers of the subjects on the left
and the other figures are the milliliters of blood flow per 100 milliliters
of forearm per minute During the saline infusion the average was 27
During the transient vasodilation the flow increased about three times
t09 9 and then it settled down to about double the originat value at $ 2
These results are very consistently obtatned by this method and Dr Stead

zzﬂn T think substantiate this point because he has also observed this
ect

TABLE I
Plethysmograph
N
“1310'5“ Blood flow ml/100 ml forearm min
Dusing Durning epinephnine
saline 10 pgm mun
Transtent Sustarned
vasodilation vasodilation
1 17 38
2 30 50
3 38 69
4 31 74
5 23 30
6 23 49
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flow changes markedly as the temperature of the part 1s changed If
the temperature of the tissue 1s really changed the blood flow changes

M. Knsely 1did not make myself quite clear For what kinds of phy-
stological purposes 1s the whole device?

Baicioft You mean the whole device of plethysmography? It 1s
simply for measuring the circulation 1n a part of the extremity 1 mulli-
liters of blood per 100 mulliliters of part per minute, and when 1t 1s
applied to the muscular parts, like the thigh and the forearm, the re-
sults will be mainly those due to muscle When 1t 1s applied to the foot
and the hand, which are essentially skin, the results will be mainly those
due to change 1n the circulation 1n the skin

Figure 12 shows the results which Allen, Edholm, and I obtained

SALINE ADRENALINE |V SALINE
10 ug/min
A

WJA

/mln

wn
]

|

FOREARM BLOOD FLOW ml/tooml

T 1§
O 5 10 15 20
TIME IN MINUTES
I'GURE 12 Expeniment showing the cffcct of an intravenous nfusion of ¢pi-
nephrine on the rate of the blood flow in the forearm There 1s an tnitial large

transicnt vasodilation followed by a smaller sustained onc The vesscls concerned
are those 1n the skclctal muscles

o
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FIGURE 13 Construction of the Hensel thermoelectric needle The tip of the
necdle 13 heated by the passage of an alternating current through ¢ short prece of
constantan (2 mm.) seen on the left hand side of the lumen The nse o tem
perature of the tip of the ncedle 15 recorded thermoelectrically The test junction
(junctron 1) 1s at the tp of the needle, and the reference junction (junction 2)

13 10 mm. proximal to it. The junction temperature differeace 1s inversely related
to the rate of the blood flow the heating current being constant.
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Stead Yes

Kety May I ask what the blood pressure does in these two periods?

Barcroft There 1s a transient fall followed by a very small sustained
nise, quite msufficient to explain the sustained increase 1 flow

Stead 1f this test 1s made on a person vhose blood pressure home-
ostasis 1s disturbed by disease of the autonomic nervous system, the
arterial pressure falls considerably The reason 1t does not drop more
mn normal subjects 1s because of the activity of the homeostatic mechan-
1sms vhich tend to keep the pressure stable

B THERMOLLLECTRIC NEEDLE

Barcroft Let us nexst consider the Hensel (21) needle, shown in
Figure 13 This needle 1s about 09 mm wide and perhaps 3 inches
long It resembles the Grayson needle 1n some ways On the left near
the tip there 1s a Iittle black rectangle marked Constantan™ That 1s
a heater through v hich a current 1s passed to raise the temperature of
the tissues by about 3° C

The other dark rectangle on the right 1s a copper—constantan—copper
thermocouple pair Junction 1 1s marked at the bottom; this 1s the test
junction and Junction 2 1s the reference junction By means of a cali-
brated galvanometer circut, the junction temperature difference between
those tv.0 pomnts can be recorded The junction temperature difference
1s essentially determined by the heat output of the heater and by the
carrying avay of the heat by the blood flow The more rapid the blood
flov.. the smaller will be the junction temperature difference

This has the great advantage over the Grayson (22) needle in that
the test junction 1s situated 1n the tissue itself I had the good fortune
to have Dr Hensel come and work 1n London, and we carried out
experiments to see 1f we could confirm the results which Allen, Edholm,
and I (23) had gotten with the plethysmograph, with the epinephrine
infusions The technic we used was to msert the needle into the muscle
1n the left calf and then to cover the calf over with cotton wool to main-
tain 1t at a normal temperature We put the plethysmograph on the right
calf and took simultaneous records with the thermocouple needle and
the plethy smograph of the changes in blood flow during the epinephrine
nfusion

Figure 14 shows the averaged results of the six measurements which
v.e made 1n this vay (24) The top of the figure shows the results
obtained with the plethysmograph Belov are the results for the Hensel
needle. There are sustained and transient dilations 1n both cases The
plethysmograph 1s measuring the flow 1n the vhole of the calf, the
needle gives an 1dea of the changes in blood flow at a particular point
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Would tt not be useful 1n this field to begin to use the term  clearance
of heat because this 1s really what it 1s measuring 1snt 1t?

Barcroft 1 am a bad phystast and frankly dont understand the
physics of this needle, but I expect you are quite nght on that pomt
Dr Burton

Burton Another minor pomnt from the historical point of view 15
this For the record, would you be willing to include the name of Gibbs
(25) who mn ths country was really the first to use this method? This
was around 1930

Barcroft Yes, I will do that Do you remember exactly where he
had hus reference junctron?

Lamport It was very close to the needle tip

Barcroft Just Uhe the Hensel needle

Lamport Gibbs used direct current as 2 heater almost at the needle
tip which consisted of one of the thermocouples

Barcroft Figute 15 A to F shows the results obtamed in the indi
vidual experuments

Lamport It 1s noteworthy there that the needle does not go back to
the same level that the plethysmograph does

Barcroft Yes

Green Is the deflection of the needle record due to a decreased tem-
perature difference between the two junctions?

Barcrofr Yes

Gregfg Does 1t make any difference when this needle 15 1n the prox
1mtty of small veins?

Baraoft Yes 1t does

Gregg How can you tell?

Barcraft D Hensel carries out a number of tests before he stasts
recording  Among other things he tries the effect of shutting off the
arculation i the limb and of seeing what happens during the reactive
hyperemia phase and he does ths with the heattng cutrent on and also
with tt off But I cannot tell you more offhand

Coxrnand What are the otdinates for the needle? I can see that tiune
ts ope ordwnate but what about the other’ How can you compare one
tracing with another?

Batcroft “They are really relatve units The junction temperature
difference 15 more of less Linearly related to a change 1n the blood flow
The aeedle is put 1 and # certain set of results 1s obtaned those are
;ifd“[" ely comparabie as long as the preliminary test 15 satisfactory The

¢ cannot be taken out and put in again nor can the result with the

needle on the second occaston be compared with the result on the first
ocLasion
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in the muscle It would not be surprising if the agreement between the
two, then, was considerably less than it 1s there and, in fact, we shall
see that they do not agree as closely as in the individual cases

Buiton May I interrupt now on the question of semantics? Would
you be receptive to the 1dea of saying that this method of the needle 1s
really measuring what we could call ‘"heat clearance,” just as the radio-
active method 1s measuring a clearance of the radioactive substance?
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FIGLRE 14 Averaged results of six experiments in which the effect of epi-
nephrine on the blood flow 1n the calves was recorded simultaneously with the
plethysmograph and the Hensel needle Transient and sustained vasodilatrons
v ere recorded by both methods
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Green Were these done with an ankle cuff on the leg with the needle
in place?

Barcroft ln order to express the deflections n terms of blood flow
readings are made with the ncedle when the flow 15 shut off and during
2 maxymum reactn e hyperema We hnow that the flow 15 zero when 1t
15 shut off by a cuff and from the plethysmogriph we have a rough
1dea that the flow w1ll be something like 30 ml /100 ml /mun 1n the calf
dunng reactnve hyperemea  In this way we can obtain a rough calibration
1n terms of blood flow

Brrton Do you know 1f Dr Hensel tahes account of the theory that
the calibration 1s not linear but hyperbolic” Physics show s that this will
be 50 1n all these such devices In other words when the flow 15 very
low 1t 1s much more sensitive to changes of flow than when st 1s high
Does he take account 1n his calibratton of the fact that that 1s really
 hyperbolic or recprocal curve?

Barcroft His paper would show his theory of the physics

Burtony Dr Schmudt (26) and I think Dr Kety did a good deal of
work with very stmilar devices on the same principle Dr Kety s 1t
not true that actually all such curves i a calibration are really almost
hyperbolas

Aety 1would say yes from theoretical considerations but I have had
little expertence with thermoelectric flow meters  As a matter of fact
Dr Schrmudt who developed a thermostromuhr never had a great deal
of confidence 1n thermoelectrical recording and did not expect to obtain
anything but relatrve values

Lampory Dr A M Scher (27) when studying for his doctorate at
Yale used the modified Gibbs needle and he calibrated 1t I behieve
Gibbs himself had done some calibratton and someone else had reported
something very simlar In Jooking up my notes on the Gibbs needle
which [ used 1 194142 I found an empirical equation, essentially
hypesbolic and relating rise 1n temperature to flow rate this was dertved

from Gibbs calibratron ot hus needle in the renal cortex of the cat How
ever 2 loganthinic equation would have fitted as well Dr Gregg and
his coworkers (28) had reported a loganthmic relation between flow
and temperature nise for the thermostromubr which 1s basically symilar
to the Gibbs needle Log log paper gives a straight calibration line sf
2 full flow method of calibratron 15 used particularly with an artsficial
system but this was also true of a Ining one

Scher tound that by stiching the needle nto sand as an artificial

tssue and then perfusing the sand with water he had 2 good analog
of renal tissue to ensure that his device was working properly prwor to
an expenment  Furthermore in this way he did obtain stratght cali
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FIGURE 15 Six experiments 1n which the effect of epinephrine on the blood flow
in the calves was recorded simultaneously with the plethysmograph and with the
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the epinephrine trar enously and recorded the changes on both sides
The top of Figure 16 shows the sodium clearance results after the
injection of about 30 mucrocuries of mdioactie sodium sn 01 ml of
saline 1ato one of the calf muscles
At 30-second mtervals throughout the experiment counts were re
cotded with the Gerger Miller counter After the experiment the
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Figung 16 Bxpenments in which the effect of tmtra cphrine
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bration lines on log-log paper, which were found to be valid for expers-
mental application, where relative changes were of prime interest

Calibration at or near zero flow 1s the most erratic condition for the
Gibbs needle There must be a long wait for stability because heat 1s
slowly and steadily building up 1n the nonperfused tissues, and mean-
while other changes are occurring As a result, zero flow 1s the least
valuable point on the calibration curve Actually, something like a half
flow rate 1s a much better point on the line—for the low end The tem-
perature difference approaches zero as the flow rate rises I can see that
in human applications the use of half flow for calibration may be dif-
ficult

Baicroft Is that with the needle 1n the tissue or 1n blood?

Lampoit Both the heated and the control thermocouples were 1n
tissue

Remmgton Would the flow pattern given by the needle be changed
if the thigh was occluded by a cuff to the same pressure as 1t was 1n the
plethysmograph experiments?

Baicioft That was not tried in these experiments, Dr Remington
Dr Hensel has told me that the volume of blood in the tissues has
scarcely any effect on the deflection It 1s the rate of the blood flow
that counts

Lamport This problem 1s really one of convection, which 1s rather a
standard engineering problem The engneers find empirically that loga-
rithmic curves, which become straight lines on log-log paper, give them
good results where convectton 1s 1nvolved, and this 1s why Scher, on
my advice, followed their method

Buiton 1 wrote about this many years ago (29), and included some
rather impressive mathematics, but I think the direct approach 1s prob-
ably much better

Baicioft Thank you very much I think that the agreement between
the two 1s certainly quite impresstve and has given us confidence that
these changes are the ones that did take place 1n the over-all blood flow
1n the muscle during the intravenous epinephrine infusions One method
supports the other and 1s in marked contrast now with the results of
certain other methods which I shall show you

C NA®! CLEARANCE

Next, I will discuss the results of the radio-sodium method, with
which I have had no personal experience and so I will quote first from
experiments by Walder (30), who used a technic similar to the one
Hensel and I used, and did the sodwum clearance in one calf while doing
the blood flow by the plethysmograph on the contralateral calf He gave

yd
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was 4 2 and the over all average during the epinephrine mfusion was
epproximately double, or 73 Those figures were obtained from expen
ments on the calf

Table 1II shows the results of some other expeniments which were
obtaioed by Miller and Wilson (31) These experiments were made on
the forearm In this case only the sodmm clearance was measured the
blood flows were not done I put them 1n because they agree with those
1n Table II in showing that through a wide range of different doses of
eptnephrine the clearance of the sodum has not been affected by the
epnephrine  And of course we know that the forearm blood flow must
have showing these two types of vasodilation.

TABLE III
Radie-Sedium Clearance
S';ggm be;;f:c of zplx)::cphrmc C{:l(::nngm
epinephrine pgm/min epincphrine J
1 0051 5 0048
2 0053 15 0041
3 0048 20 0057
4 0133 20 0 140
5 0041 25 0055
6 0064 30 0060

R by permussion, from Miller H and Wilson, G M The measurement

blood fl by the local ¢l of radio-actrv 1)
of ow earance dic-act 13
;i ) 1ve sodium  Brit Hear? /

D PRESSURE PLETHYSMOGRAPH
Rate of Tisswe Fluid Tormation

At this time I should like to ask you about the results of the rate
of tissue flud formations which agree with the results of the radio-
sodum clearance The method which Dr Kitchin (32 33 34) used for
measuring the capillary filtration rate was essentially that first devised
by Krogh, Landis and Turner (35) Figure 17 shows the pressure
plethysmograph on the forearm It must be modified so that 1t will re
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counts were plotted semilogarithmically, and the clearance rates were
calculated The rate of disappearance of the sodium was directly pro-
porttonal to the clearance constant

The rate of clearance of the radio-sodium was uninfluenced by the
intravenous infusion of epinephrine, although, on the contralateral side
and simultaneously recorded, the typical transient and sustained vaso-
dilations are apparent

Table II summarizes six of Walder's expertments We should con-
sider 1ts consistency During saline, the sodium clearance averaged 0 046
During the epinephrine infusion, 1t averaged 0 048

There was no distinctton made between transient and sustained in-
crease 1n blood flow, all the blood flow readings were simply averaged
So 1t 1s clear that the average blood flow before epinephrine mfusion

TABLE II
Radio-Sodium Clearance and Plethysmograph
Subject During epinephrine
No During saline 10 pgm/min
Na24 Blood flow Na?* Blood flow*
clearance | ml/100ml/min| clearance ml/100ml/min

1 0072 43 0061 76

2 0052 32 0 046 753

3 0034 41 0 045 82

4 0 047 29 0078 68

5 0035 30 0034 39

6 0059 33 0 047 70

7 0021 85 0 024 116
Average 0 046 42 0 048 75
* Average for infuston pcriod

Reprinted, by permission, from Walder, D N The local clearance of radio-
act?ve sod;um from muscle 1n normal subjccts and those with pcripheral vascular

disease Clm Sc 12,153 (1953)



Actton of Epmepbrine 1 Man 49

- COMPRESSED __,
AIR
4
PLETHYSMOGRAPH
| | BURETTE
¢
74
A
A
- %
A
4
A
/]
A
Lawa VAT

FIGURE 17 Preasure plethysmograph used for the measurement of the ca xlh?
filtration tate The apparatus 15 used as follows The brachial attery s occlude

Aur compressed to 120 mm Hg 15 admutted 1nto the burette, derves water into
the plethysmograph, and expels blood from the forearm. After 2 mun the level
of tEc water 1n tgc burette 1s read (X) The pressure on the artery and on the
forearm 15 released A pneumatic cuff on the upper arm 15 inflated to 40 mm. Hg
to increase the filtratron pressure end tissuc ﬁmc}):collcctcd for 15 munutes The
cuff pressure 15 then released and 14 mmn. later compressed air 13 readmutted to
the burette for 2 minutes and the water level 13 read for the second tme (Y)

Y — X 15 the rate of tissue flnd formation for the congested segment of the
forearm 1 the pl:thyxmognjh for 13 mun. 1t 1s exp, mnml /100 ml fore

arm/min Courtesy of Dr A H. Ratchun, Shernington School of Physiology St
Thomas 3 Hospital London, England. s
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main very strictly 1n one posttion The figure shows an arm coming out
from behind the plethysmograph and resting on the olecranon process
so that 1t 1s more or less anchored constantly in the same position

The plethysmograph 1s connected to a U-tube filled with water and
a calibrated burette which widens out toward the top To measure
changes i1n the volume of the forearm tissues, compressed air 1s ad-
mutted into the top of the burette, and the blood 1s expelled from the
forearm After 2 minutes, a reading of the level of the fluid in the
burette 1s taken, this figure 1s the reduced forearm volume If, between
the time that reading 1s taken and any subsequent reading 1s taken, the
tissues themselves have changed their volume, then this change would
be indicated by a change 1n the level of the fluid in the burette

A black rectangle at the top of the figure, which I shall use in the
subsequent figures also, marks the period of arterial occlusion compres-
sion of the forearm, as I have just explained

At the top of Figure 18 are spots which are readings of the level of
the water 1n the burette The black rectangle 1s the period of compres-
ston, as before The fluid 1s driven into the plethysmograph and the level
in the burette decreases But after an initial rather rapid decrease it
begins to flatten out, and after an arbstrary pertod, which I think 1s 2
minutes, a reading 1s taken which represents the reduced forearm volume
at that time

Buitonn What must the compression be?

Baicioft Dr Burton, the procedure was perhaps a little bit more
elaborate than I have indicated The compression was 120 mm Hg and
the artery was compressed at the same time

Just to the right of the rectangle at the top, the pressure 1s released,
the forearm swells and the flurd 1s driven back again into the burette
Then there 1s a second compression and the behavior of the tissue 1s
more or less the same

The question arises as to whether this procedure does really drive out
the blood properly Is one measuring the tissues themselves or the
tissues plus a variable amount of residual blood? To check on that, Dr
Kitchin arrested the circulation in the forearm for something like 5 or
6 minutes, then he released it and, during the height of the reactive
hyperemia, when the tissues were full of blood, he put on the compres-
ston again Just as much water entered the plethysmograph and the
extra blood was all driven out That 1s a check on the fact that these
means are satisfactory ones for driving out the blood What one 1s con-
cerned with 1n these measurements 1s the volume of tissue there plus

the fluid 1n the tissues themselves
Burton It started at a higher volume, did 1t not, 1n the reacttve hyper-
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muscle, and so on out of both ends of the plethysmograph by the
pressure

Kety That height then, does not represent the blood volume of the
tissue?

Barcroft No 1t does not The volume of blood 1n the tissues 1s only
a small part of 1t

Effects of Epmephrine on Rate of
Trssue Tlusd Tormation

Figure 19 shows how the above method was used to investigate the
cffect of epephrine on the rate of formation of tissue flid The con
tinuous Line represents measurements that v ere made before the begin
aing of the cpmephrine nfusion The black rectangles at the top are
the pertods of measurement of reduced tissue volume  After two such
measurements the pressure 1s released and 2 cuff above the plethys
mograph 15 inflated to 40 mm Hg to rasse the capullary pressure some
what and to encourage the formation of tissue flurd This s the period
of venous congestion which lasted 10 to 15 munutes At the end of this
period another measurement 1s made of the reduced forearm volume
which shows that the forearm has swollen during the period of venous
congestton  The amount of swelling can be easily calculated and ex
pressed in ml /100 ml of forearm per min It 15 the rate of formation
of the tissue flurd in the congested forearm After obtaining the above
control data the intravenous epmephrine infusion was started and the
procedure repeated exactly as before obtarning the results indicated by
the dotted line  All during that period of venous congestion (the dotted
line) epinephrine was being administered intravenously into the elbow
vein of the subject and yet when the change 1n the volume of the tissue
fluid was measured at the end of the venous occlusion 1t was found
that even 2 little less flutd had accumulated tn this particular case than
had accumulated betore the epuephrine was given

Lamport How well do the normal controls reproduce themselves
If you put two normal controls on the same figure would they have
much closer cortespondence

Barcroft The next figure will give you some tdea of that Figure 20
shows results which were obtaiged from six dufferent subjects

Monigomery May 1 interrupt just 2 moment to make sure that you
are dealing here with both muscle and skin?

Barcroft That 1s quite correct

Montgomery So thus 15 a resultant of the two as far as changes are
concerned /

Barcroft Yes that 1s quite true In Figure 20 are shown the results
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FIGURE 18 Experiment with the pressure plethysmograph showing that the com-
presston procedure drives the blood out of the forearm Black rectangle com-
pression to expel the blood from the forearm (see Figure 17) The forearm
volume was measured during compression twice before and once immediately after
a period of S-minute arrest of the circulation 1n the arm  Although the vessels
must have been more widely dilated during the period of reactive hyperemua, the
subsequent compression appears to have driven all the extra blood out of the
vessels Courtesy of Dr A H Kitchin, Sherrington School of Physiology, St
Thomas’s Hospital, London, England

emia, and actually you drove out more volume but it reached the same

base line?

Baicioft That 1s right, yes

Kety Dr Barcroft, I should think the differential between the start-
ing pomt and the final plateau would represent the blood volume,

essentially
Bascroft 1 think the maimn change there 1s due to the expression of
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FsGure 20 Results of six experiments showing that epinephrine had very little
effect on the rate of tusue fluid formation m the congested forcarm The con
tinuous sloping line at the bottom of each diagram shows the volume of tissue
fluid collected duning the congestion period betore mhnnc was given The
broken sloping line st the bottom of cach dragram ! the volume of tissue
fluid collected during the intravenous infusion of ¢pincphrine  Reprinted by
permussion, from Kitchin A H  Observations on the Circulatron 1n Human
Skeletal Muscle Pb D Thesss Unn London 1955

line represents the increase in the reduced forcarm volume during venous
congestion while the subject was recerving epinephrine The slopes of
these lines are measures of the capillary filtration rates in the congested
forcarms  Notice that the capillary filtration rates obtamned during ad
munistration of epinephrine (dotted straight lines) are not greater but
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FIGURE 19 Experiment showing the effect of intravenous epinephrine on the
capillary filtration rate 1n the forearm Changes in the forearm volume recorded
with the pressure plcthysmograph before (continuous line) and during (broken
line) intravenous epinephrine Black rectangle compression to expel the blood
from the forearm (see Figure 17) The volume of tissue flud collected during
15 minutcs of congestion before the epinephrine nfusion was the same as that
collectcd during the infusion Courtesy of Dr A H Kitchin, Sherrington School
of Physiology, St Thomas’s Hospital, London, England

of six individual experiments We really need not be concerned with
the upper pair of curves 1n each of the diagrams, but only with the
bottom patr of lines In each diagram, the continuous straight line rep-
resents the increase 1n the reduced forearm volume during venous con-
gestion before the subject recetved epinephrine The broken straight
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burette to drive w ater nto the plethysmograph and expel all blood from
the forearm  After 2 minutes the level of the water 1n the burette was
read Call this reading \ The pressures on the artery and forearm were
then released (2) The cuff surrounding the low er part of the upper arm
was then inflated to 40 mm Hg to rase the capillary filtration pressure
Tissue fluid was collected for 15 munutes The cuff pressure was then
released and half a minute later (3) the brachial artery was occluded
and compressed air was readmitted 1nto the burette for 2 minutes and
the water level read for the second ime Call this Y Y\ was equal
to the capillary filtration rate duning the intervening 15 minutes of con
gestion The capillary filtration rate was recorded 1n this way both be
fore and during the mntravenous mfusion of epinephrine  After the
expeniment the volume of forearm enclosed in the plethysmograph was
measured by water displacement and the capillary filtration rates ex
pressed in ml /100 ml of forearm per mun
This plethysmograph can be used to measure blood flows by turn
ng the burette off and turming the flow recorder on  Figure 21 shows
the effect of epinephrine on the blood flow and on the capillary filtra
tion rate, as observed duning these six expenments These were not
measured simultaneously On the left the ordmate 15 the result ex
En:sscd tn the percentage of the control level The white column 15 the
lood flow The blood flows throughout those six expeniments are all
increased about 100 per cent and they are ranging around the 200-per
cent marh Those 1n fact are the levels of the sustained increase m
blood flow The transient increase 1s not taken wnto consideration 1n this
sertes of experiments
Stead s this blood flow with the congesting cuff on or without?
Barcroft Without The black rectangles show the capillary filtration
rates compared to 100 and on the whole they are slightly decreased
with epinephrine
In summartzing 1 would say that the plethysmograph and the Hensel
needle agree 1n showing that there 1s vasodilation 1n the forearm and
calf during the iatravenous infusion of cpinephrine and that further
more, this can be drvided 1nto transient and sustained phases The most
sigoificant one is doubtless the sustamned phase and the flow during
that phase 15 approximately doubled
On the other hand when the sodium clearance method 1s used either
on the forearm or the calf muscle the rate of clearance 1s not affected
during the intravenous wnfusion of epinephrine The clearance methods
of course, are done without any congestion cuff on
However when we measure the capillary filtration rate i the con
gested forearm, we find that there 1s no effect of epunephnne on 1t so
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if anything, less than those obtained before the epinephrine was given
(continuous straight lines)

Mer11man What 1s the line at the very top—the zero line just before
venous occlusion? What does that slope signify?

Baicroft We are not directly concerned with that but 1t 1s interesting
and important That 1s caused by the fact that while the subject 1s re-
cetving epinephrine, the forearm in the plethysmograph s essentially
smaller, and that 1s because the volume of blood contained in the fore-
arm 1s less because of the contraction of some vessels

Buiton Although the blood flow has gone up by the plethysmograph?

Baicroft Yes

Buiton So the arm 1s smaller but the blood flow 1s higher?

Baicioft Yes

M Knzsely Does that mean there are artertovenous anastomoses?

Baicioft 1 suspect that 1s mainly a venous effect, but I do not know
It 15 a point of interest and one that should be investigated, but what
we are concerned with at the moment 1s the fact that epinephrine does
not change the capillary filtration rate in the congested forearm

W Knsely Are these lines plotted from only two points?

Baicroft That 1s right

W Kmnisely If more points were obtained, the shape of that curve
might be interesting, to see how much of a change takes place early 1n
the congestion or late in the congestion

Barcioft Yes, 1t might be

Stead 'This was a relatively constant capillary pressure 1n both situ-
attons, since you had a cuff around the arm inflated to 40 mm Hg~

Baicioft That 1s so, yes

Stead And also 1t would have meant that most blood vessels dilated
If you put the skin at the level of 40 mm Hg most of the vessels in the
part will dilate, so 1n both systems there were vessels which were not
normally filled Is that right?

Baicroft That is perfectly right It 1s certainly not the capillary filtra-
tion rate 1n the normal tissues It 1s the capillary filtration rate in the
congested forearm

Green Was the occluston cuff pressure, that 1s, the pressure proximal
to the plethysmograph, left elevated at the time you applied the com-
pression pressure in the plethysmograph? In other words, did the pres-
sure on the blood in the plethysmograph have to drive the blood out
against the occluding cuff pressure?

Baicioft The steps were as follows (1) The brachial artery was
occluded by the mflation of a cuff on the lower part of the upper arm
Air compressed to 120 mm Hg was admitted into thc upper part of the
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thus passively increased filtration of fluid nto the tissues might be in
creased at the same tume that the blood flow through the part was i
creased
Kery Dr Barcroft s observations were also upon the effect of epine
phrine without venous occlusion You remember those first two trals
before v enaus occlusion in each case and the dotted hine of epinephrine
showed the same restdual limb solume as occurred normally
M Rnssely 1 would hike to define the problem that Dr Barcroft
presented  He has two systems of measurement of blood flow which
essentaally agree very well Then 1f 1 understand correctly radioactine
sodrum has been put mto the muscle with a ncedle I am an histologist
and I have made many studies of Iinving muscles under the microscope
Much of this work has been done in Professor August Krogh s labora
tory One can only guess but the guess that seems most probable 1s
that the fluid did not get out 1nto a vascular system at all It was prob-
ably put out mto spaces between strated muscle fibers and perhaps
around conpectn e tissues
Another seemingly worthwhile guess 1s that there are two factors
which it the rate of movement of the sodium out of the whole gross
anatomy of strated muscle One mught be the rate of passage of the
molecules into the vascular system and the other might be the rate of
flow The limiting factor 15 probably the rate of diffusion nto the vascu
lar spstem  including the rate of movement out possibly by way of the
Iymphatics
We are dealing with a system limuted by the mation of the molecules
1nto the vessels much more than by the rate of flow through the vessels
In our laboratory we would not constder the sodum method at all as
2 measure of flow
Kety Thete are two puzzling features about what Dr Barcroft has
sad In the first place the relationstup between the sodium clearance
value and the resting blood flow as measured with plethysmography
and secondly the relationshups under the mfluence of epephrine T be
licve the average clearance constant was 0 046 n one of the series and
the plethysmographic blood flow was 0 042 expressed as ml /ml /mun.
But that of course, 15 2 musleading comadence since the clearance con
stant it can be shown, is related to the effective blood flow per unit of
sodium space of the tissue
Since the sodum space of the tissue 15 roughly 20 or 25 per cent, a
value of 0 046 for the sodium clearance should be multiplied by 25
cent which would give us a value of & Little over 0 01 the eff o
blood flow as O e Shecthe
o o measured with radioactsve sodium 1f one chooses to 1gnore
ta moment the diffusion phenomena, which of course 15 an extremely
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FIGURE 21 Results of six experiments showing that, although epinephrine in-
creased the rate of the blood flow 1n the forearm, 1t did not increase the rate of
tissue fluid formation 1n the congested forearm Courtesy of Dr A H Kitchin,
Shernington School of Physiology, St Thomas's Hospital, London, England

there 1s the sharp contrast between the plethysmograph and the Hensel
needle results, showing increase 1n blood flow, and the results of the
sodium clearance and the capillary filtration, which indscate that there
1s no change 1n the clearance of fluid or in the rate of capillary filtration
I should be most interested to hear any comments on this

GENERAL DISCUSSION

Stead Dr Visscher (36) has recently shov n that the pressure in the
small veins may be mcreased by a vanety of stimuli  If epmephrine
actinely increased the small van pressure and the capillary pressurc was
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observations of capillary density 1n muscle diffusion equitions have
been set up (38) which ndicate that the time for diffusion equilibrum
to the extent of 95 per cent betw een blood and a tissue with the mter
aptllary distacces of muscle would be a fraction of a second and prob-
ably not greater than one or two seconds 1n any case

A time constant of the order of one or two seconds 15 negligible 1n
comparison with the time constant of several minutes for the arculatory
phenomenon

I have injected radioactive gas m solution 1nto a muscle and have
gotten essentially the same type of time constants for the clearance

Burton Also todine has been used by others and it produces the
same results

Kety Escept that 1odine 1s an on which might behave 1n a similar
way but gases diffuse through the whole capillary membrane Krogh
did show that diffusion through tissue or through gelatine may not be
the same as free diffusion through water but he found only a 50 per
ceat attenuation of the diffusion coefficient so that even f the dffuston
equilibrum time were doubled 1t would stil be nsignificant m com
partson to the very slow time constant of the blood flow

However even for sodium which may diffuse only through a small
fraction of the capillary wall Pappenheimer (40) has calculated that
the rate of transfer of sodmm across the capillary 1s about 80 times the
fate at which 1t 1s brought to the tissue Now Krogh may have been
counting captllaries all of which are not open at any one time or the
capillaries may be bunched together and not evenly dispersed through
the tissue, so that the intercapullary distances may be considerably greater
than the estimates which I have calculated from Krogh s observations
with a resultant increase 1n the importance of diffusion

There 1s however a good deal of expermental evidence (41) to
indicate that the uptake of different inert gases by muscle 1s the same
regardless of the molecular weight and therefore the diffusion coeffictent
of the gas making it unlikely that I have underestimated diffusion
Limitatsons within the tissue This brings us to the next pont which 1s
the possibility that the mjected radioactive sodum does not dsperse
stself throughout the extracellular flutd as the theory assumes but sumply
localizes itself 1n a pocket under those circumstances Then, of course
we would be dealing with a diffusion problem of an entirely different
order of magnitude and one which could certainly be a Lmiting factor

W Knisely What 15 the order of magnitude of the volume you 1n
troduce?

Aery The volume varies from 0 1 ml to as much as 0 S ml

W Knrsely Do you obtain s difference between the two?

2
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fow blood flow as contrasted with the plethysmographic blood flow
which was between 0 04 and 0 05

Before we constder the effects of epmephring, let us ash the possible
reasons for this mittal discrepancy The pleathysmographic measurement
does encompass some shin but T doubt that the blood flow through the
skin, under most arcumstances, s of cnough signtficance to affect this
value for very much so we may probably accept such values as farly
reltable measures of total blood flow to a large mass of muscle

When T first proposcd the sodium dearance techme in 1919 (37),
I'was very carcful to pomt out that 1t did not measure total blood flow
in tissue but rather “arculatory ¢ ffectereness™ or the ability of the circu
latton to remove and to supply diffusible substances If T were a tissue
i, T think 1 should be more concerned about the valuc of this function
than the mere quantity of blood flowing past me  In any case, T dernved
an expression for this dearance constant, L, relating 1t to blood flow
and to a "fudge factor,” 0 K = 1I'0 The latter factor represented those
functions which would tend to nmut complete cquilibrium betw cen
tissue and vascular bed and included shunts and diffusion limitations

The first possible cause of the discrepancy between clearance and
plethysmographic values, and the one which T think actually 1s the most
important one, would be the prescnce of shunts which the plethysmo-
graph would measure and which the sodium clearance would 1gnore
To what extent shunts may explain these phcnomena, T do not know

M Kosely 1 have studied striated muscle extensively, at various
times 1n 1936, and 1 have never yet scen an arteriovenous anastomosts
in a gross anatomucal striated muscle during life There 1s pure, straight
evidence I have not yet scen 1t

Stead Did you give them eptnephrine?

M Kwusely No

Kety Let us now consider the question of diffusion, since we have
ruled out the question of shunts *

M Kmisely Not ruled out, sir, just negative evidence so far

Kety In the past 10 years, I have done some thinking and reading
about the problem of diffusion 1n tissues (38) and, although I have not
yet come to a categorical concluston, nerther can I find much evidence
to support Dr M Knusely’s guess that diffusion 1s the limiting factor
in the phenomenon under discussion On the basis of Krogh's (39)

* Addendum by Dr Kety Dr Zweifach, however, has fairly definitive evidence which he
presents later for the presence of moderately large arteriovenous shunts 1n skeletal muscle
through which most of the blood flows during rest If this evidence 1s correct, 1t 1s capable
of explaining most 1f not all of the discrepancy between the sodium clearance and the

plethysmographic data
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and his colleagues perfused the striated muscles  Following each expen
ment they injected a blach pigment into the vascular system  then re
moved the shin from the muscles to be certain that they had been study
ing muscle arculation and not some combination of muscle plus shin

In 1948 we reviewed the airculation through muscle and added some
obsenations (46)

Dr Kety I would lihe to hear your explanation of the difference
betw.een the plethysmographic records and the sodm records

Rery 1 feel personally that shunts would be a very reasonable
explanation

Stead Y ou do not believe that changes tn capillary pressure can ac
count for 1t?

Kety Iwill soon get to your question Dr Stead A net outflow from
the capillary as the result of outward hitration would be so slow that
it could not significantly affect the entrance of sodium  Hyman and his
colleagues (47) have tndeed shown that a net filtration of flurd from
capillaries does not affect the sodium clearance

The lymphatic flow which ts incorporated 1n the clearance constant
15 not a very significant factor 1n resting muscle and in any case would
not explain why the sodium clearance 1s too low

Al Knisely One more possibility These spaces that spread out be
tween muscle fibers by and large have enormous surfaces of collagenous
connectne tissues fiber surface membranes Is there any evidence that
the sodium may remain 1n or on the collagenous connective tissue fibers ?
Is that a fair guess?

Kety Yes 1t certainly 1s Our group has found that the mjection of
hyaluronidase along with the radioactive sodium increases the rate of
removal of the sodium from the tissue this would be compatible with
your thesis that the sodium was compartmentalized 1n an extracellular

M Kmisely The connective tissuehasa  ground substance as another
ttem to worry over

Montgomery What 13 the order of magmtude of that?

Kety The clearance constant went from 0 040 to 0 058 per mun. but
we do not hnow the effect of hyaluronidase on local blood flow un
fortunately so we cannot really be sure to what extent this effect of the
hyaluronidase confirms your thesis of a local trapping of sodium

. In addition to a consideration of all possible criticisms of the sodium

chtarancc technic perhaps 1 may be forgien if [ summarize some of

t! dtc::bgumcnts i its favor In the first place 1t does change to a con

st le extent 1n response to what are commonly regarded as alter

auons 1n ussue blood flow  Arterial occlusion causes it to fall to zero
~
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Keny: Yes  However, the difference as shight and not at all what
would be expected on the basts of this supposition  Dr Sob oloff,* in
our laboratory, made @ very carcful study of the difterence in cdearance
rate i subjects who had been imjected with 05 ml and with 0 1 ml He
obtamed mcan valucs for the dearance constant of 0051 and 0 040 for
01 ml and 05 ml respectivedy, o difference which s statistically
signtficant

If the sodum 1on were bang removed from a nonvascular mjection
depot, one would have avpected @ much greater offect of injection
volume

Another obscrvation which, as far as T can sce, practically rules out
the posstbility of 4 local nonvascular depostt 1s that Bauer and s col-
feagues (12) have mjected the radioactive sodium by means of a “hypo-
spray " which gets the solution through the shin i the form of a high-
speed and very fine jet without formmg an appreaable pool Their
normal data yreld a dearance constant of 005 which 1 exactly what
we obtan with 0 1 ml by needle This group also found a constderably
smaller clearance constant (about 003) when a radioactive 1on (I'™)
was mnjected mn a volume of 1 ml On the basis of these data and those
of Sokolofl, we can say that there 1s no evidence for “pooling™ of the
mnjected matersal with volumes of 01 ml, but evidence of signtficant
pooling where the volume 1njected 1s 05 ml or greater

W Kursely What animal was used n these ¢xpertments, and what
muscles, and did you obtain a difference from one muscle to another?

Kety Most of these observations were 1n human gastrocnemius  Dr
Sokoloff studied the clearance constant in different parts of the same
muscle and in the same muscle of both legs He found minor differences
but, 1n general, the clearance through muscle seems to be reasonably
constant

M Kmsely: Dr Kety, a pathologist by the name of ] N P Davies,
from Uganda, points out that, “Differences must be explained some-
how * This 1s now one of the most essenttal moments 1n the history of
science We have an “indicator” The fundamental problems are to
test the indicator, to validate it, and to learn under what circumstances
to use 1t and when not to use 1t There are extremely marked differences
between the curves of the plethysmograph and the results of this new
method, and the plethysmograph curves agree, according to my memory,
with the results of studies by Anrep and his colleagues (43, 44, 45)
on the circulation through striated muscles During these studies, Anrep

Sokoloff, L Study of regtonal circulation by the cletrance of radioactive sodium (Unpub-

dat
TgigdeZVils 1s a member of the Dept of Pathology, Makerere College Medical School,

Mulago Hosprtal, Kampala, Uganda, East Africa
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the paradoxical expeniments reposted by Dr Bareroft 1s not enough to
permit reaching a conclusion I am therefore substituting an analysts
1 made subsequently since 1t scems to lead to conclusions that may aid
in resolung the paradox of the effect of epinephrine 1n doubling of
blood flow rate m the forelimb without change 1n capdlary filtration
duning venous congestion or 1n radioactnve sodum clearance

I shall make many simplifying assumptions which I believe are justi
fied First 1 shall assume the applicability of Posewtlles law i the
postartenolar airculation which seems reasonable since Pappenheimer
and Soto-Rnera (52) found this to be true of the capillary to vein
(starting at the effectie mid pomnt of the capillary) circulation in the
isolated hindlimb of the cat 1 shall assume that the viscosity and
hematocnt of the blood are not matenally affected by any of the pro-
cedures Dr Barcroft reported and that the blood flow doubles because
of epinephrine with the 40 mm Hg venous congestive cuff inflated as
compared to the simularly congested control cven though no measure
ments of blood flow with heated needle or plethysmograph n the con
gested condition were actually made

Since Pappenheimer Renhin and Borrero (53) found that capillary
ultrafiltration of plasma was proportional to the difference between
mean effective intracapillary hydrostatic pressure and effective plasma
osmotic pressure (allowance for the shight protein content of 1nter
sttial flurd 15 negligible here and they found interstitial pressure n
amumals to be uumportant) Starlings Law 1s assumed The mean
osmotic pressure of plasma as 1t 1s concentrated during congestive
filtration and the meap wntracaptllary pressure ace both used to approxi
mate the mtegrated result of progressnve filtration of plasma in 1ts
course through the capillaries of the congested forearm

Although elsewhere 1n the discussion at this conference the effect
of increased filtration rate on tissue pressure 1n man was disposed of as
negligible, and while there 15 evidence that this 1s faily true for the
hindlimbs of cats and dogs (53) there 15 good evidence teported by
Landss and Gibbon (54) that, ;n mans forearm which 1s under con
sideration here ncreasing tissue pressure becomes an important factor
In venous congestion At 44 mm Hg venous congestion 1t was found
that the over all filtration rate for the 8 minute period from the seventh
to the fifteenth minute declined 30 per cent from its over all value for
the first 6 mmutes However we shall base our analysis on the early
part of the venous congestion period, assuming that the filtration rates
for epinephrine and control were equal at the begmning as well as for

the whole of the 10 to 15 mnutes of
the whole of n venous congestion referred to by
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the paradoxical expeniments reported by Dr Barcroft 1s not cnough to
permit reachung a conclusion 1 am thercfore substttuting an analysis
I made subsequently stnce 1t scems to lead to conclusions that may aid
1 resolving the paradox of the effect of cpincphrne 1 doubling of
blood flow rate mn the foreltmb without change n capillary filtration
during venous congestion or tn radioactine sodum clearance

I shall make many simplifying assumptions which I believe are justy
fied Fist 1 shall assume the applicability of Posscutlle s law in the
postacteniolar circulation which seems reasonable since Pappenheimer
and Soto-Reera (32) found thus to be true of the capillary toven
(starting at the effectne mud pomt of the capiliary) airculation 1 the
solated hindlimb of the cat I shall assume that the viscosity and
hematocnt of the blood are not matenally affected by any of the pro
cedures Dr Barcroft reported and that the blood flow doubles because
of epinephrine with the 40 mm Hg venous congestive cuff inflated as
compared to the simularly congested control eien though no measure
ments of blood flow with heated needle or plethysmograph in the con
gested condstion were actually made

Since Pappenhesmer Renkin and Borrero (53) found that capdllary
ultrafiltration of plasma was proportional to the difference between
mean effective intracapillary hydrostatic pressure and effective plasma
osmotic pressure (allowance for the slight protein content of nter
stial fluid s negligible here and they found mterstiial pressure n
ammals to be ummportant) Starlings Law 1s assumed The mean
osmotic pressute of plasma as 1t 1s concentrated dunng congestive
filtration, and the mean intracapillary pressure are both used to approxt
mate the integrated result of progressive filtration of plasma 1n 1ts
course through the capillaries of the congested forearm

Although elsewhere 10 the discussion at this conference the effect
of increased filtration rate on tissue pressure 1n man was disposed of as
oegligible and whule there 1s evidence that this 1s faily true for the
bindlimbs of cats and dogs (%3) there 1s good evidence reported by
Landis and Gibbon (54) that, 1 man s forearm which 1s under con
stderation here increasing tissue pressure becomes an important factor
I8 venous congestion At 44 mm Hg venous congestion 1t was found
that the over all filtration rate for the 8 munute period from the seventh
;‘h’ the fifteenth minute declined 30 per cent from 1ts over all value for

¢ first 6 munutes However we shall base our analysis on the early
part of the venous congestion period, assuming that the hltration rates

g)‘r cp)l)x(::iphrfmc 2nd control were equal at the beginrung s well as for
e Wi
e Barcrco(f)t the 10 to 15 munutes of venous congestion referred to by
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osmotie prestute (7))

P, citcctne oomotie pre cute of placns e cpilbines of forcarm
duting conpetion

P sime s P oveept wath the ottuen e of cpine phinos added

I, e clloctese it .zrxll Uy pres ure durm;‘ cortrgresting

Po o sume Poesoept wath the mtlucnce o epinephane added The
subscapt A anstedd of € mdicte tha epinephone (adrenalin) was
ll\((l

I, hltration tate of conpeste § torenm

I, blood How e i conpestad forcim of bloo b of hematocnt
assumed to be 0 per cent

| blood tlow rate 1 normd torcrm of bloos T of hematoce 50
per cend

R, resistince of capilliry seeal o systam from pomnt an capillaries,
correspondinge to P tothe L verns of the forcrnm duning congrestion

A bltewion cocthaent por mm Hye prossure ditterence of con

gosted forcarm
[1] L. A (P P.) This reprosents our staitanent coneern
ing Starhing s Law
I, AC(P, P
[2] T\ Foo This was reported by Dr Burcroft
[5] B =21 This was also reported by De Brrcrott and has been
discussed
P I, P I\
e R T R N by
These cquattons are truc because (o) the hematocnit at SO per cent
was presumcd not to have changed, (&) thc osmotic pressure of plasma
1 proportional to the concentration of water in plasma for small
changes, and (¢) the valuc of P, 1s ¢stimated to be the same fraction
of the total increasc mn plasma osmotic pressure in the captllaries as it
1s when epinephrine 1s uscd The latter point has already been touched
on and can be proven n greater detail
[5] Pc — 40 = IR¢, P\ — 40 = I,R, These equations express
Poiseutlle’s law and the definttion of resistance
Algebraic mantpulation of these equations yields

P\ - 40 RA AA P,\ - Pn\
[6] P. — 40 Re Ac Pe — P
Poa 2P,

[7] and PoC = Po + Poc
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Unfortunately 1 do not have Dr Barcroft s figures for blood flow
rates 1n the forearm with or without congestion 1 belicve no such meas
urements were made with vcnous congestion Still 1t 1s quite reasonable
to estimate these quantities since vanations in them will be seen to be
of small importance

For the circulation from artery to ven we shall use a modification
of Poseurlle s law (we deduct 14 mm Hg from perfusion pressure)
substantially as outlined 1n T'ulton s Textbook of Phystology (53) Since
the hindrance of the capillary to-vein ctrculation 15 not changed ma
ternally by elevating venous pressure (52) 1f we assume a normal un
congested venous pressure of 9 mm Hg and a mean artenal blood
pressure of 100 mm Hg the follow ing equation results

1c 100 — 40 — 14 46
T = Tie—s—w ~ 77 ~°%®

A reasonable rate of blood flow 1n the normal resting forearm 1s 2 4
ml/min /100 ml forearm the value we choose for I (56) Allowing
for the factor 0 6 just computed would gine a blood flow rate duning
congestion of 1 44 ml /min /100 ml congested forearm We estimate
from Landis and Gibbon's paper (54) that a filtration rate of 0 14
ml /min /100 ml forearm for the 40 mm Hg congestion would be
reasonable for the first 6 minutes when tissue pressure has risen little
Substitute this value for Fe and 1 44 for L 1n equation [4} The osmotic
pressure sn 1270 of human plasma may be taken as 25 mm Hg which
would give an m 1710 value for P of 23 3 mm Hg (52)

The value of P becomes 289 mm Hg from equation [4] so that
P, =258 mm Hg from equation {7}

Equation [6] now becomes

8] P, — 40 - Ra A, P. — 40
P.—258  ° Re A,  Po—1289
Oruhcreqzz—?"%

P. — 40
q) Po + 409 — 289
We now estumate Py from pe, the correspondin
ponding value of normal
forearm intracapillary pressure without venous congestton Correspond
108 to equation [5] for congestion the uncongested values are
[10] I; —9=1R,
tnce Ly = 0 61 we have from equation |5
P.;:40+06(P,—9) o []

[91 Pi=40+142q =
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Notmally, thare bang no et illteaton from capillares, powall be
shightly preater than P eltectine phrcma osntie pressare, which we
have taben at s s i He W e theretore e tmaue Pooat 28 mme Hg,
which yickds

P 1O mm Hye

Fquation [0 now brcome (vhare Q1 q)

| P 125
[ )9
Smee PyTP, 10 tho masamd widue for Qs 116 And Pyoas not

rraater than dostolic prosoure (8o mm ), sinceaf it were blood flow
vould not be mamtuned throughout the cardiae avde Therefore the
minimil value of Qv 006 Such o range of Q vields

() I. I{\ /\0 R
r ~ - 05
I(( {\‘.
We hnow that cpiephrine constracts the verns to some extent so that
R\ AL
R > b This would then sugprest that \ < 05 and that it may
( LMY 2 .

be less than 0 13

The speaal vatue of the sodium dle rrance stuady hies m that 1t comple-
ments the other observations and penmits us to extend our tentatine
conclustons  Tiltration s relativedy unimportant s Cnmp.lrcd to dif-
fusion 1 the nugration of sodium 1ons (52) so that hydrostatic pressure
1s uminfluential i therr transport to and from tissucs in contradistinc-
tion to water - Since sodium 1ons have perhaps 85 per cent of the capil-
Lary pore arca for diffuston available to them, as 1s functional for water
filtration (52), any factor affecting the filtration coefficient of water
would n great likelithood also affcct the clearance of sodium  Since the
clearance of sodum 1s primanly dependent on the blood flow rate
through sodrum-permeable capullaries, one 1s impelled to evplan the
constancy of sodium clearance 1n the face of doubled blood flow during
the administration of epinephrine as being caused by a halving 1n the
relative effective sodium diffusion coefficient of the capillaries  Accept-
ing, then, that Ay Ac == 15, we have

R,

Re

This lack of indication of a considerable increase in postcapillary
resistance (hindrance) as a result of epinephrine 1s at variance with
other observations, epinephrine 1s known to constrict veins and venules

086 < < 104

Pl
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Possibly A, Ac > 1A or the constriction of the venous system 1s not
considerable or our assumptions are somewhat at vanance with the
facts
Whether the change m filtration and sodum diffuston cocflicients
required by this appratsal actually occurs in the capillany walls 15 prob-
lematical ' A,/Ac would also decline as suggested here 1f most of the
blood flow increase resulting from epmephrine were passed through
vessels of low effective permeability to water and sodim ton  Such
vessels mught have low permeability either intrinsically because of few
pores ot because of being short in length  Dr Zwetrfach s comments on
the anatomy of the arterios enous channels he has seen 1n strated muscle
would be quite consistent with this interpretation of Dr Barcroft s pro-
vocatn e paradox
Renmumngton How can you assume a constant hydrostatic pressure
when the artenal pressure s still normal”
Lamport 1 feel that the venous cuff here must reflect its pressure
back very quickly
Renungton But this 1s a arculating system with mamtained arterial
pressure and artenial-capillary gradient
Lamport The rate ofcapxllary filtration 1s measured with the venous
cuff on so that means 1t 15 being measured with 40 mm Hg caprllary
pressure, essentially and even reflected nto the arterial system
Burton As 1 understand it from Landis original experiments (35)
(and Dr Barcroft would venfy this) Dr Barcroft was working down
near the origin of the curve The swelling will go on continuously and
hasa t any sign of slowing up for half an hour has 1t?
Bareroft That 1s true
Burton So we are really working near the ot
Lamport 1 didn t know that, and n that case I would say I do not
find that 1t 15 really paradoxical
Moe Do we know what the blood flow i the muscle 1s with and
without epunephrine when the congestion cuff 1s on and mflated” You
measured congestion during inflation as well as without st didn t you?
Barcroft Yes The flow was measured with epmnephrine without con
gestion
Moe That 18 nght you couldn t measure flow while the congestion
cuff was inflated
?Warcrof; That 1s right
o¢ 1 am making these remarks i support of Dr Remington
that the circulatron 1s not totally mtcrm&iﬁ blood 1s not r‘tgmtomnsgpfnlz)t
the extrenuty without escaping from 1t As the venous pressure of 40
mm Hg 1s overcome blood will escape from the Lunb
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nection betw cen the artertal and venous vessels 1s less common  During
penods of relatine muscle mactiaty 1 large part of the blood from the
arternal arcades returns to the \cnous system without entering the muscle
fibers proper These muscle fibers are supplied by extremely short muscu
lar arterioles which penctrate the tissue at right angles and abruptly
break up 1nto as many as six to eight capillary branches  Precaptllary
sphincters are encountercd at this potnt of abrupt capillary branching
but not as regularly as 1 the mesentery skin or urinary bladder The
capillary blood flow through the muscle fibers proper 1s sporadic and
can be seen to vary with contractions of the short muscular arterioles
The capillaries are distributed betw een adjacent muscle fibers along their
length and frequently join one another and then further distally branch
again before entering the venous collecting system The blood flow 1n
the collecting venules 1s exceptionally rapid usually as a consequence
of blood coming through capillary channels from the arterial accades

The distinction on a functional basis between what might be termed
surface muscle circulation and internal tissue arculation  becomes
readily apparent when hemorrhage 1s mstituted The withdrawal of as
Uttle as 1 per cent of body weight results in an 1mmediate closure of
the muscular arterioles so that the entire mass of capillaries becomes
static A rapid flow persists through the arterial arcades and venous
interconnections These vessels do not show active contraction unless
the pressure 1s lowered below 50 mm Hg

The surface vessels and the more 1nternal vessels do not react tn the
same way to vasoconstrictor substances For example epinephrine in
Jected intravenously (10to 20 ugm ) will cause a greater narrowing of
the venous channels than of the muscular artenioles and will have no
effect on the muscular arterioles or precapillaries Arterenol njected
Intravenously affects prumanily the asterial vessels including the muscu
lar arterioles There 1s further evidence to indicate that this differentral

feactrvity can be altered by local conditions such as occur during muscu
lar exercise

With reference to the clearance of radroactive substances myected into
sheletal musde several relevant remarks should be mtroduced Al
though 0 1 ml represents a comparatively small volume on 2 macroscale
thus volume of flwd 15 of considerable magnitude relevant to the small
blood vessels With mucromanipulative technics it 1s possible to intro-
duce as little as 0 001 ml  and even these amounts are disproportionately
latge 1n companson to the vascular structures In sheletal muscle the
wjected mass dustributes itself between the muscle bundles and 1s not
regularly assocrated with any particular set of capillary vessels
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as high as 90 mm Hg Precapillagies in the mesentery or the surface
of the unnary bladder will close only below nJ:rcssurc of 50 mm Hg

Nickerson To return to the question of sodum clearance it seems
to me that even with a very fine needle the length of the bevel would
be as lacge as the bundles of muscle fibers contatning the capillartes we
ace discussing 1 think we can assume that the flutd we are studying 1n
radio-sodium clearance 1s all between bundles not in the bundles

Zuesfach 1would surmise that the size of the drop mtroduced by a
fine hypodermic needle into the skeletal muscle 15 as large and perhaps
larger than the muscle bundles 1 which the majonity of the blood capil
laries are contained

M Rmsely It 1s ike shoving a crowbar into a lace curtain

Wilkins Can we have a little more detail on the channels that lead
directly from the arteries back to the veins? You said they were not
short shunts  Can you say a little more about that?

Zuetfach Because of the frequency with which anastomoses exist 1n
both the arterial and venous stdes of the bed 1t 1s frequently difficult
to establish clearly whether the capillary blood supply originates from
the artersal vessels only Our evidence at present would appear to indt
cate that none of the capillary vessels have thesr blood distributed from
venous sources The significance of the system of arcades remains specu
latne They may represent a method of achieving a uniform blood pres
sure throughout the various branches of the termnal vascular bed

Wilkms You mean that a branch can go from one of the arcades
directly 1ato a vein?

Zueifach The venous portion of the system 1s fed by capillaries
some of which oniginate directly on the astenal arcades  Along the edges
of the muscle bundle many of the capillaries fuse to form a single col
lecting channel which then traverses the surface of the muscle bundle
to collect other similar venous capillaries These vessels, which vary 1n
diameter from 40 to 100 mucrons interanastomose with one another
The pattern 15 highly reminiscent of that observed in the shin

Baez In the external oblique muscle of the mouse and of the rat
we have seen an architectural pattern sumular to that which you have
just described We were wnterested mostly in the presence or absence of
muscular precapulary sphincters and their response to epinephrine or
arterenol applied toptcally or njected wtravenously 1 should like to
;.!nktvghcther or not you noticed 1n your studies a different set of reactions
o ad:mr::::r:tf]ot:?c vascular units 1n response to the different routes

Zuerfach The evidence obtained by the direct obser ational
wndicates that epinephrine mtmxcnc;blily has a vanable effect 355;;?
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ing on local tissue conditions We have observed an increased blood
flow with low concentrations of epinephrine (1 pgm or less), a de-
creased blood flow with 20 pgm, and no effect with concentrations as
high as 3 0 pgm 1n skeletal muscle after repeated contractions

Green 1 am still not clear about the communication between the
artery and the vein on the surface of this muscle bundle Is 1t a capil-
lary that runs longitudinally along this bundle also?

Zwerfach These vessels arc on the order of approximately 30 to 40
microns 1 diameter

W Kiusely TIs this the largest size of the cross section of the ven,
the band of 40 to S0 microns?

Zuwerfach The largest but least frequent type of interconnection was
between vessels of about 50 microns, with the majority of interconnec-
tions ranging between 20 to 30 microns

Green What would be a concervable function in muscle of such a
large arteriovenous shunt? That would be a shunt and we can only think
of shunts in terms of heat conductance, not as having any nutrient
function

Zweifach. Our studies thus far have been restricted for the most part
to descriptive morphology

Nickerson 1 think we can conceive of a function In no other tissue
does the change from the resting to the actrve state cause such a marked
change n oxygen requirement as 1t does 1n skeletal muscle It would
seem to me conceivable that the shunts could represent a type of 1dling
mechanism during periods of low oxygen requirement which could
allow very rapid diversion of flow through the true capillaries within
the muscle bundles when the oxygen requirement goes up Have you
observed diversion of blood flow following stimulation of muscle?

Zweifach We do not have sufficient data to permit such a distinction

Buiton May I sum this up? I would like to review the whole prob-
lem of the discrepancy and what 1s left to us Furst of all, blood flow
measured plethysmographically 1s blood flow Clearance of radioactive
sodium 1s some function of flow and the ‘fudge’ factor, 6, which has
something to do with diffusion That can be broken down nto 6: and
82 1f you like, 61, as he suggested, concerned with the movement of the
sodium up to the wall of the capillary, and 8. something to do with the
capillary pressure and the paths through which substances have to diffuse
and have to filter through the vessel walls

If there 1s a discrepancy, then, 1t must be in this factor (61 + 62)

I have thought about this for several years and puzzled over this dis-
crepancy I very much favored the shunt as th(i explanation, that th’e
total flow increased but 1t wasn't a “washing-out” flow Dr Zwerfach’s
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obser ations would ht very meely with the wea that maybe there 15 such
ashunt But I changed my mind carlier in this discussion after heanng
for the first tme about the heat clearance as 1 hhe to call 1t the
experments which Dr Barcroft told us about Now 1 do not think 2
shunt 15 going to explain this because I cannot see why the clearance of
heat the washing out of heat by the arculation should differ so much
from the washing out of anything else by the arculation
If the explanatian were a shunt flow it would seem to me that the
heat should be washed out less quickly when the shunt was operating
than when the flow 1s going to the capillaries Dr Stead ratsed the pomnt
that perhaps 1t was a change in the fltration pressures that mattered
because the venous pressure 1n the small veins went up I thought that
was fine, and a possible answer but then I remembered Pappenheimer s
work (53) as Dr Kety did Pappenheimer quite definttely shows that
in a penpheral capillary diffuston processes are so much faster than
filttanon that even if the filtration movement has gone n the opposite
directron, the sodium w1l still diffuse and will hardly be affected There
fore, some factor of diffusion must be different for heat than for the
sodium, and the only one [ can think of s the final factor the passage
theough the pores which Dr Kety shows s normally not a limiting
factor 1think we are forced to an explanation m terms of some physical
chemustey of the capillary wall I remind you that Pappenhesmer found
that the size of these pores 1s about 30 A We must accept the fact that
E;rcs are there and their size can be very much affected, for instance
whether diffuston fluid 15 used with or without protewn in 1t Adsorp-
tion of protein can very much change the filtration constant change 1t
by a factor of ten tynes or so whether one uses a solution with or with
out protein
I'am forced to an explanation of this discrepancy 1n terms of some
thing that epiephrine does 1n a physicalchemucal way 1 really feel
now that I have heard about the heat clearance that I cannot use the
shunt explanstion any more
Kety Why not¢ A radistor can remove heat without having transfer
of molecules across 1t
Burton Yes but suppose the shunt flow meant that the blood flow
was pot effectively washing the ussue Why should that not affect the
clearance of heat? If heat flows through those tissues into the blood
stream and «f that blood arculation 1s changed to a shunt I would
naturally expect that the removal of heat was decreased
Kefy But the shunts that Dr Zweifach spoke of these very large
vessels of 50 microns 1n diameter could very easily act as heat sinks
Burton Heat has to diffuse to 1t just 25 sodum
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ing on local tissue conditions We have observed an increased blood
flow with low concentrations of epmephrine (1 pgm or less), a de-
creased blood flow with 2 0 pgm , and no effect with concentrations as
high as 3 0 pgm 1n skeletal muscle after repeated contractions

Gieen. 1 am still not clear about the communication between the
artery and the vein on the surface of this muscle bundle Is it a capil-
lary that runs longitudinally along this bundle also?

Zwerfach These vessels are on the order of approximately 30 to 40
microns tn diameter

W Kuusely: Is this the largest size of the cross section of the ven,
the band of 40 to 50 microns?

Zwerfach The largest but least frequent type of interconnection was
between vessels of about 50 microns, with the majority of interconnec-
tions ranging between 20 to 30 microns

Gireen What would be a concetvable function 1n muscle of such a
large arteriovenous shunt? That would be a shunt and we can only think
of shunts in terms of heat conductance, not as having any nutrient
function

Zwerfach* Our studies thus far have been restricted for the most part
to descriptive morphology

Nickerson I think we can conceive of a function In no other tissue
does the change from the resting to the active state cause such a marked
change 1n oxygen requirement as 1t does 1n skeletal muscle It would
seem to me concetvable that the shunts could represent a type of idling
mechanism during periods of low oxygen requirement which could
allow very rapid diversion of flow through the true capillaries within
the muscle bundles when the oxygen requirement goes up Have you
observed diverston of blood flow following stimulation of muscle?

Zwerfach We do not have sufficient data to permit such a distinction

Buiton May I sum this up? I would like to review the whole prob-
lem of the discrepancy and what 1s left to us First of all, blood flow
measured plethysmographically 1s blood flow Clearance of radioactive
sodium 1s some function of flow and the ‘fudge’ factor, 6, which has
something to do with diffusion That can be broken down nto 6; and
8. 1f you like, 61, as he suggested, concerned with the movement of the
sodium up to the wall of the capillary, and 6: something to do with the
capillary pressure and the paths through which substances have to diffuse
and have to filter through the vessel walls

If there 1s a discrepancy, then, 1t must be in this factor (61 + 62)

I have thought about this for several years and puzzled over this dis-
crepancy I very much favored the shunt as the explanation, that th'e
total flow increased but 1t wasn't a “washing-out” flow Dr Zwerfach's
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Stead 1dont etther 1 always assumed this was nght Dr Green
do you know ?
Green We made a few trals and did not get very good correlation
with blood flow 1n shin and radio sodium uptake in shin
Stead 1 think 1f you can show 1t docs occur n shin then you have
a good point to back up this muscle theory

13
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Kety It doesn't have to diffuse through actual transfer of molecules

Buiton. It does not make any difference The law of diffusion s just
the same If the blood flow 1s further removed from the tissue, the heat
1s going to take longer to get from tissues to blood stream

Kety The sodium ron may not be able to get into the larger vessels
whereas heat can A steam radiator transfers heat without leaking
steam

Buiton That 1s my point, that 1t forces me to the final barrier of
diffusion, the endothelial wall There 1s the only place where there 1s
a fundamental difference between the diffusion of heat and diffusion
of sodium

M Kmsely And there you have a filtration pump working 1t out

Buiton Again, you will recall that filtration pumping has very little
effect on diffusion Diffusion takes place at a rather fast rate compared
to filtration

M Kisely You are talking about fluld I am not talking about
flud, I am talking about the sodium pump

Buiton 1 had not thought of it as a pump which carried the sodium
along with the heat

M Ksely The movement of the animal itself

Nickeison Thus fits in nicely with the shunt 1dea If the problem 1s
simplified to a difference between sodium and heat with respect to Os,
which 1s passage through the wall of the vessel, one of the major differ-
ences between the vessels that Dr Zweifach has described as shunts
and capillaries 1s 1n their walls The walls of the larger vessels are
thicker and include many elements bestdes endothelium The additional
tissue will markedly inhibit sodium passage, but it will have no more
effect than an equal amount of fluid on the passage of heat

Buiton 1 accept your correction in my thinking I now think you
are right!

Nickerson This 1s simplified to the ©. factor, and 1t seems to me
that the role of the ©: factor 1s best explained on the basis of shunts

Stead 1 think that this 1s relevant to the problem Heating the skin,
as I remember, 1ncreases the blood flow to the skin Doesn’t radioactive
sodium, injected 1nto the skin, also exhibit an increased rate of disap-

earance? This 1s the shunt mechanism par excellence, which 1s work-
ing well with the radio-sodium technic

Kety One group has shown an increase (48), another group (31)
has not But in any case you do not have a crucial expersment stnce the
mere fact that you have an increase 1n shunt flow does not preclude an

ncrease 1n capillary flow also
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THE CIRCULATION IN THE PERIPHERY
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THERE ARE THREE definstions of - rculation in the periphery  The hst
1s the arculation of the blood through all the parts of the body except
the heart chambers  This definition has a great deal to recommend 1t be
cause 1n shock the effects 1n one organ or the defenses agamst shock 1n
that or another organ are affected by the general carculation or by neuro
genic transmussion  The second 1s the circulation mn a single tissue
As has been well demonstrated here this definttion has the great ad
vantage that the regulation of the circulation 1n a single organ or a
single tissue 15 a certain hind of regulation and 1t may be entirely dif
ferent from the regulation of the circulation in another organ I have
toticed however that the trend in this discussion has been toward a
thurd definition of crrculation 1n the periphery 1¢  the blood flow
skin and 10 muscle Perhaps thus third one 1s the best to consider and
Pethaps 1 have a little more to contribute tn thts than elsewhere
TOTAL AND RLGIONAL BLOOD VOLUMES

Thunking aganst the bachground of shock 1t occurred to me as 1t
has occurred to you that a very important aspect of circulation 1n ad
dition to the rate of circulation 1s the volume of blood distributed in
One or another vascular bed or the volume distributable from one vas
aular bed to another Regional blood volumes must have important
connotations 1n the general background which we are discussing

Whea I learned that Dr Bazett (1) had found that the total blood
volumes of hu subjects 1n summer were about 40 per cent higher than
‘;]tht Winter and that in 1922 Dr Joseph Barcroft (2) had found much
me $2me condition n the case of normal subjects transferred from cool

O environments the potenttaliies of shifts of such volumes mter

a?fkﬁc I began to wonder if this extre blood volume was mainly 1n
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THE CIRCULATION IN THE PERIPHERY

HUGH MONTGOMERY
Departmens of Medicine
Unitersity of Pennsyliania School of Medicine

THERE ARE THREE definttions of airculation in the perniphery  The fisst
1s the arculation of the blood through all the parts of the body except
the heart chambers This definition has a great deal to recommend 1t be
cause 1 shock the effects 1n one organ or the defenses against shock m
that or another organ, are affected by the general circulation or by neuro-
genic transmussion. The second s the arculation i a single tissue
As has been well demonstrated here this definition has the great ad
vantage that the regulation of the arculation i a single organ or a
single tissue 1s 2 certan kind of regulation, and 1t may be entirely dif
ferent from the regulation of the circulation 1n another organ I have
noticed, however that the trend i this discussion has been toward a
third defimition of circulation tn the periphery 1¢  the blood flow 1
skin and 10 muscle Perhaps this third one 1s the best to constder and
perhaps I have a Little more to contribute 1n this than elsewhere
TOTAL AND REGIONAL BLOOD VOLUMES

Thinking agamst the background of shock, 1t occurred to me as 1t
has occurred to you, that a very important aspect of arculation, 1n ad
dition to the rate of crculation 1s the volume of blood distributed 1
one or another vascular bed or the volume distributable from one vas
cular bed to another Regional blood volumes must bave important
connotations 1n the general background which we are discussing

When I leamed that Dr Bazett (1) had found that the total blood
volumes of his subjects 1n summer were about 40 per cent higher than
wn the winter and that i 1922 Dr Joseph Barcroft (2) had found much
the same condition 1n the case of normal subjects transferred from cool
to hot environments the potenttalities of shifts of such volumes mnter

ested me 1began to wonder if this extra blood volume was mainly in
the shin
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It 1s extremely difficult to measure the total vascular volume 1n skin,
and I know of no satisfactory method, but if 1t 1s true that, during physio-
logical conditions, 40 per cent of the blood volume can be lost or gained,
and 1f 1t 1s 1n response to heat from the environment that it 1s gamed,
and to cold 1n the environment that it 1s lost, 1t would seem that the new
volume that 1s gained in summer may be largely a cutaneous volume
And then one 1s reminded that the shock level, the stimulus to produce
shock, 1s frequently some 40 per cent of the blood volume lost, so 1t may
be that the skin 1s a tremendous defense 1n shock because the best single
indscation that a patient 1s 1n shock 1s that the cutaneous circulation goes
into vasoconstriction

In thinking of large potential volume changes, I was wondering what
sort of changes 1n the vascular volume of muscle might take place They
might be, at least early in the shock, in the opposite direction from those
in skin I am reminded that Dr Henry Barcroft (3) made some fine
studies which showed that 1n fainting and with decrease 1n blood volume
from acute blood letting, the muscle flow 1ncreases, and I wondered f,
along with the change in flow 1n muscle, there might not also be great
volume changes I think there are no critical measurements, I wish you
would supply them if there are

I have made slides which show the tremendous ranges of blood flow
in the skin, and during this discusston Dr Barcroft has shown you the
great changes 1n flow 1n muscle His work shows variations 1n muscle
flow between 05 and 30 ml of blood per 100 ml of muscle per min
As far as skin 1s concerned, various workers have shown that, in parts
of the skin, flows may be as low as 1 ml per 100 ml per min and as
high as 150 ml or more per min Granted these great differences in
flow were 1n fingertips where there are rich arteriovenous connecttons to
explain them, I wonder what we would find 1f we could study the flow
of the total skin, especially of skin in response to a hot bath or to very
hot weather

Bazett (1) quoted Benson (4) as reporting a 2 75 per cent increase
in human limb volume resulting from immersion 1n hot (40° to 47° C)
water That, 1n 1itself, 1s not a large figure, as he refers i1t to the cross
section of the limb, but 1t 1s quite possible that the increase in volume
was an increase in volume only of the skin, and 1f the figure s related
to the volume of the skin, 1t 1s a very large factor

Up to this point I have purposely talked around this subject I think
it 1s quite legitimate to speculate on the magnitude of changes 1n volume
in indrvidual vascular trees TFor instance, in the early picture of shock,
with cutaneous vascular constriction, I wonder 1f the patient may not
be recetving an excellent transfuston which 1s really quite effective in
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reconstituting a reasonably good blood volume and if the enormous
muscle vascular bed and volume might be competing with that and
working 1n the wrong direction and of the spleen s emptymg duning this
stage preceding shock may be only a small proportion of the transfusion
which skin and muscle and other beds may be able to supply to the total
central blood volume. I would like to ash tf that 1s an impossible con

cept or whether 1t 1s worth some discussion

7 Kmsely In what part of the world were these indnduals 1n
Bazett s study?

AMontgomery Bazett (5) says the Boston dufference 1s not as great
His subjects were 1n Philadelphia and the studies were made in both
winter and summer He admuts that the 40 per cent 1s an extreme but he
obtained 1t when he wanted 1t when the subjects were hot enough for a
long enough time and cold enough for a long enough time He also
quotes lower figures by W H Forbes (6) n Boston

Sir Joseph Barcroft s subjects were people who left a cooler country
which I believe was England and went to 2 hotter place described as
the tropics of the British Empire

Baez 1should lihe to ash if there were any obsen ations made of the
extravascular flud compartment at the time of the shufting of blood
volume? What ] have 1n mind 1s whether the 2 5 per cent volume change
1 the limb must necessarily all be m the vascular compartment May I
les:nask whether the body weights of the subjects studied showed any

ge?

Montgomery The weight changes according to Dr Bazett were
negligible The socalled measurements of blood volume at that date
were with dyes so his conclusion certainly was that this is intravascular
blood volume change I do not think that hus method was as good as
the modern methods such as tagged red cells or tagged albumin

Baez The hydrostatic pressure must have been clevated 1 a gren
(skin) vascular compartment for quite a long tume (4 to 5 days) and
¥am wondenng whether all the extra flud 1s hept 1ntravascularly or
whether the interstitial spaces and lymphatic vessels also participate 1n
bousing 1t

Barton A great deal of 1t has gone to verns Whle I was associated
with Dr Bazett in this work years ago we took some really quite re
markable 1nfrared photographs of the veins of the arm  these photo-
graphs show that in $ days of accltmatization to heat, great new \eins

appear and veins that I suppose have been there open up and the
volume in the veins 1s very much increased So I think that Dr Bazett

thought of this as 1 the arculation rather than elsewhere This 1s 2
chanee of volume 1n the cicculation
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Nickeison. What happens to the flurd when the intravascalar volume
decreases? Does 1t go into the cells, does 1t go into the extracellular
space, or where does 1t go 1f the patient does not lose weight?

Montgomery It 1s a slow change as Bazett (5) described it In a hot
environment there 1s an increase within a few hours of something like
10 per cent of volume which has not yet recetved its protein and red
cells, but over the protracted pertod of something like 2 weeks in the
hot environment there 1s a much larger shift 1n which the blood elements
come up to the same counts for any one unit of blood as prior to that
time I think that, as he described it, there was no large element of
shift 1n total fluid into the tissues

Bmiton We studied the intake of food, water, and calories, and the
output, and so on, but 1t 1s a very complicated matter and I do not have
too much confidence 1n the results, however, the fluid balance calculated

by that elaborate method definitely did change When the patients went
into a hot place, their weights went up and so did the amounts of water
in the body calculated by this method When they were 1n a cool place,
their weights went down and, as I remember it, the changes in the
weight were rather comparable to the changes in blood volume

M Knsely As 1 remember, Professor Joseph Barcroft boarded ship
and as he approached the Equator he was astounded to find that the total
red cell mass increased but as he went farther away from the Equator
it decreased That was the beginning of the argument that led to the
discovery of the spleen as a red cell reservorr

When he returned to England, he set up a closed room, the tempera-
ture of which could be raised or lowered His colleagues and he were
able to duplicate, in this closed room, the changes 1n total measurable
red cell amount which they had previously found by using the surface
of the world for their heater and cooler This opens up a vast literature
which I once covered to some degree n a monograph (7)

To return to the history, Stolnikow (8), Johansson and Tigerstedt
(9) showed that the liver itself could store blood Using two dogs of
comparable size, they took all the blood they could from one and trans-
fused 1t into the other, the arterial pressure of the recipient did not
rise When the rectptent was opened, the liver was found to be swollen
and very hard From this kind of experiment we know that the vascular
system, partlcularly the liver of an animal, can accept and hold a tre-
mendous amount of blood or of concentrated blood cells

The next step 1n the history showed that the liver or portal vein bed of
man could store and release blood, as Krogh and Lindhard (10, 11, 12)
have shown These investigators measured changes in their own cardiac
output as they went from rest to work They found that the cardiac out-
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put increased roughly from 4 to 21 liters per munute and what 15 most
important they found that the increase s cardiac output began before
there could be time for a recirculation of the blood From this Krogh
deduced that the 1ncrease n cardiac output could only occur provided
that 1n human beings there was a reservoir emptying blood 1nto the
arculatory system. And this reservoir would have to be just upstream
from the heart Krogh deduced that the reservoir would have to be the
Liver and portal vein bed This was 1 1912 After that Sir Joseph
Barcroft and hus colleagues (2 and 13 through 16) demonstrated that
the spleen 15 a blood cel/ reservorr Many investigators have, since then
shown that the spleens of other speaes including those of men can
store concentrated red blood cells (17 through 36)

In 1915 Lamson (37) and Roca (38) demonstrated that the Iner of
dogs could store concentrated red blood cells This concept has been
lost 1n the Literature In our own laboratories using microscopes we
have watched the sinusords of spleen store concentrated red blood cells
and we have also watched the sinusords of liver store concentrated red
blood cells Certanly all of the branches of the portal vein can dilate
and thereby store enormous amounts of blood

Dr Montgomery ratses the 1ssue of the shin as a reservor and this 1s
extremely important because the shin 1s the largest single organ in the
whole human body

Gregg Skin s the largest single organ? You are not tncluding the
muscle mass?

M Ksusely 1am not including the muscle mass The favorte of stu
deats 13 liver but 1t 1s really the skin.

Gregg But you are excluding muscle?

M kusely 1 am excluding muscle mass The muscle mass 1n adult
human beings runs from 20 to 40 per cent of body weight according
to Vierordt s tables

Bing 1 do not think we should forget the heart because Hamulton
(39) bhas shown a very marked change mn the residual volume of the
heart dicectly dependent on changes which you have described

Stead Dr Shorr we have here a lot of measurers of blood volume
and I think we mught find out whether or not we are dealing with 20
established fact—that volume does shift 40 per cent If it does I am
willing to think about what 1t means and how 1t happens On the other
h?\:d\x :fy 1t d::‘o?}?t I\Y“;ot‘}l)l(:l rather forget about 1t until 1t 15 established
o or er Without ashing for any discussion as
beheve it 1 would Like to start mgth Dr yémdlcy and uf.od::im

volume experts to tell us 1f we are dealing in reality or fiction
Bradley 1 am not quite sure what 1s meant by the term  blood
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volume” here As I understand it, Dr Burton states that there was a
shift of blood nto the veins and that the change 1n blood volume was,
therefore, presumably a change 1n the circulating blood volume, not a
change 1n the total blood volume

Stead Dr Montgomery indicated that was just like two beakers, one
of which contamned 40 per cent more than the other Isn't that the same
as what you were saying—that when the blood volume increased and
decreased things within the interior lining of the blood vessels changed
40 per cent?

Montgomery 1 was simply taking figures that are in the literature
If they are correct I would wonder where the distributton 1s, because 1t
seems to me that nobody has measured the shifts in volume 1n the organs
having the great blood volumes, and 1t 1s important to know where the
main volume changes might take place The skin 1s a very difficult organ
in which to measure blood volume Please put me right if you know
of a method

Stead But I am thinking of blood within blood vessels As I under-
stand 1t, you mean 40 per cent of the blood left the vascular system, and
that 40 per cent came back 1n Is this what you mean?

Montgomery No, I am saying that, if the measurements are correct,
40 per cent more blood by volume was present at one time than another
under phystological conditions If so, where did 1t go? In a hot environ-
ment, why would 1t go anywhere but to the skin? If the vessels of the
skin will hold that much blood, 1s the skin, then, a “reservoir’” for either
loss of blood or, as we see the shock condition clinically, a “reservorr”
from which the body can be transfused?

With as large a muscle mass as there 1s and with the high flows
possible 1n muscle, 1s the blood volume of the muscle vascular tree of
suffictent size so that 1t, too, can act advantageously or disadvantageously
in shock?

Buiton Tt 1s of suffictent size that when 1t dilates further, a man bleeds
into the muscle to such a degree that he faints This 1s well established
by Barcroft and Swan (40)

Perhaps I can clear up the misunderstanding with the climatic expert-
ments Presumably this was an increase 1n the amount of circulating
fluid, not merely a shift All blood volume measurements merely
measure circulating blood volume in the sense that they measure only
the volume m which the dye, or whatever 1s used, 1s mixed, but in the
first few days of acclimatization to heat or cold there 1s an immediate
shift of the circulation n the body to the periphery The skin 15 flushed
at once, but then n the course of 5 days there 1s not only this shift which
has per51sted, but also an 1ncrease in the total amount measured by the
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conventional blood volume methods I would not want to argue
whether or not the whole of this change might be due to some shift of
what was arculating and what was in a backwater but no one can settle
that question at present can he?

Dr Doupe (41) has made blood volume studies of very carefully
controlled subjects These studies cover cvery month of the year and
have been very consistent  He finds a swing according to the seasons
which amounts to approxtmately 25 or 30 per cent Thus 1s the first tune
this has been done so carefully and on the same subjects over so long a
pentod

Merriman 1 do not think the change reported by Dr Doupe* was as
much as 40 per cent

Barton No 1t was not 40 per cent 1t was approximately 20 per cent

Nickerson 1think 1t was in the 20 per cent range, and the changes in
blood volume appeared to be well correlated with the environmental
temperature except that the spring increase 1 volume started somewhat
before the temperature began to nse

1 canoot answer for the human, but I can describe a few experiments
on the dog This animal shows both acute and long term effects of a
changed environmental temperature  The acute effect, as seen by 2
change 1 blood specific gravity and 1n hematocrit may occur tn frac
tions of an hour The long term change 1n blood volume which seems
to require some weeks seems to be approximately 20 per cent Curt
ously enough, dogs tend also to show lower hematocrit and hemoglobin
values (by about 10 per ccnt? in summer than in winter We have de
termined lethal bleeding volumes during all months of the year In
winter these volumes are most consistent from animal to amumal and
show a relatively high value (4 5 to 5 5 per cent body weight) In sum
mer the bleeding volume 1s more variable and lower (25 to 40 per
cent) The higher room temperature 1n summer may have accounted for
2 large part of this difference But in spring and fall these volumes
were more variable stidl ranging from a summer volume to 2 win
ter one and the room temperature 1n which the bleeding was done
was not that variable But since man 1s not sheltered from environmen
tal temperature by constant air conditions 1t seems that one must not
conclude that simply because his blood volume may be high in summer

hus tolerance of blood loss would be correspondingly high

Bridler Twonder what the role of the splanchruc bed 1s 1n this situ
ation We have been able to measure the volume of blood held 1n the
splanchnic bed and we find 1n the dog that approumately 20 per cent

“Duuge 1 Seasonal Variatums in Pl
b mflf” iy ‘MM"gc‘ln ;Jlml;'&]um Paper g1 en at the Clin al Imvestiga
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of the blood volume is contained there (42) With apresoline and
hexamethonium bromide this volume can double so that approximately
an additional 20 per cent of the circulating blood volume can shift
mto the splanchnic vasculature On the other hand, the splanchnic
blood volume 1s greatly reduced following hemorrhage in dogs Thus
the splanchnic vasculature contains a large amount of blood which may
be sequestered, 1 a sense, outside of the active circulating mass How-
ever, this volume can apparently be mobilized under condittons of stress
to benefit the systemic circurt and 1n other circumstances, certainly, can
serve to pool or trap a portion of the circulating blood volume

Bmng. But, Dr Bradley, would you not measure the amount that 1s
trapped with the over-all method of blood volume determination? Is
there actually any trapping which you could not measure with the dye?

Biadley: Yes, it may be impossible to measure volumes of blood into
which the tracer material cannot penetrate You must remember that
the technic we are using to measure the splanchnic blood volume
(SBV) 1s based on a dilution of a circulating tag, and so 1s susceptible
to the same difficulties that beset any method of blood volume deter-
mination In addition, less time 1s available for equilibration than in
the method for measuring total volume It 1s concetvable that the value
for total blood volume might include blood within the splanchnic bed
which 1s not measured as SBV because enough time may elapse during
the longer period of equilibration (usually 20 minutes in contrast to 2
or less) to permit penetration of the tracer

Richards. Can you obtain evidence of relative trapping?

Bradley 1 think we can An increment in arculating splanchnic
blood volume when there 1s no change 1n total blood volume must mean
that a larger portion of the blood 1n the body 1s held 1n the splanchnic
vasculature I presume that it may be said to be “trapped” there

W Knisely In making blood volume determinations, what 1s the
time interval between the introduction of the indicator and the reading
of the indicator? In other words, what 1s the shortest length of time in
which circulating blood volume could be measured?

Biadley 1 use the term “circulating blood volume” because I think
this 1s the only volume in which rapid admixture of a tracer matersal
can occur We administer I'*! labeled human serum albumin and re-
move blood continuously from the hepatic vein and a peripheral artery
smmediately thereafter The difference between the average concentra-
tions 1n arterial and venous blood, between the time of njection and
equdxbratlon (1e, the time at which ar't'enal anc'i' venous concentratlon(?
react equally), 1s the amount of tracer “trapped” 1n the splanchnic b}f
during equilibration per unit volume of flow during that time This
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value multzplied by the hepatic blood flow per second and the equul
bration time 1n seconds yields the total mass of radioactive material
dispersed within the vascular bed at equilibrium  Dividing this value
by the equilibration concentration gives a value for the total volume of
the bed Now the two concentrations come into equality in one mrnute
or less It seems likely that dispersion by convection 1s very rapid n
the arculating mass movement of the tracer thereafter by diffusion
alone 1nto sequestered blood should be so slow that the arteriovenous
difference so produced 1s not detectable

Gregg If onc 1s nterested in total blood volume why doesnt one
measure 1t 1n a pertod of standardized very light exercise rather than
dunng a state of rest? I have never made a blood volume measure
ment under such circumstances but why couldnt it be made durning
exercise 5o as to tahe nto consideration this volume of  trapped blood
that Dr Burton 1s talling about, 1f there is a volume of trapped blood
that 1sn t 1n the crrculating blood to which the dye goes?

Stead That has been done very extensn ely with red cell tagging and
1t does not change
Gregg Then there 1s not any volume of trapped blood
Stmdg Unless you give a reasonable period of tume for 1t to mix
the normal person several minutes In sickness these factors come into
play but these expertments are on normal people

Burton But unfortunately there are these dusturbing factors which
Dr Bradley would admit that in all the blood volume studires sf volume
1s added to the curculating fluid by transfusion of 200 ml for example
1t 15 very rarely that 200 ml can be found 1n the blood volume determi
nation Is this not true?

Remmgton Blood transfustons into unbled dogs cannot be accounted
for quantitatively by red cell bookkeeping or by T 1824 dilution vol
umes A large portion of the transfusion 1s seemungly lost very prompt
ly from the measurable curculating blood volume The loss of plasma
and the loss of cells are not proportionate the former being larger

Burton There does seem to g: some wmdication that added volume
can go places that the dye or injection cannot reach

M Knsely  Apparently this boils down to the problem of the spe
atic nature and behavior of the anatomical devices which store whole
blood or blood cells in the body In general our expertence has been
that blood and biood cells are stored 1n the spleen and Iner This agrees
with many very careful i estigations of the past (7) In the spleen
the red cells and in the liver the red cells or the whole blood are
stored 1n siusoids which are shaped roughly lite sneet potatoes or
cucumbers  There are sphincters on each end of these sinusords When



88 Shock and Crculatory Homeostasis

looking 1nto a microscopic field, one can watch three or four sinusoids
simultaneously ‘Two may be accepting and storing the blood, there
may be blood already stored in one Then each may change, one may
retain the blood it has just stored and the sphincters of the other two
stnusotds may open and allow blood to flow directly through There s
often a continuous series of changes so that some sinusods are storing
whole blood or concentrated red cells while others are releasing them
Thus, 1n every instance there 1s a certain amount of stored blood, but in
any very short pertod of time some of this blood 1s emptied out and
other blood 1s accepted and stored The sinusoids of the spleen store
concentrated red cells only Liver sinusoids may store either concen-
trated red cells or whole blood Following a meal, the period during
which any one set of blood cells 1s stored may be greatly prolonged
In mouse spleen I have seen concentrated blood cells stored 1n a single
sinusoid continuously for 10 hours The significant feature s that the
durations of the storage periods are precisely integrated with the total
physiology of the whole animal

Montgomery Do we know what happens to muscle?

Zwerfach Dr Montgomery 1s referring to a situation which 1s
chronic and 1n which there arises a progressive discrepancy between the
avatlable capacity of the circulatory bed and the volume of blood cir-
culating through 1t As a consequence, there develops a gradual m-
crease in the total blood volume to fill the increased vascular bed This
readjustment apparently does not involve the shifting of blood from
one area to another

Dr Remington raised the point that in summer dogs react poorly to
stress 1n the form of hemorrhagic shock During the winter months,
following the induction of hemorrhage, the skin circulation very quick-
ly becomes 1schemic and almost negligible During the summer months,
in an antmal which presumably has more blood available mn the skin,
the skin circulation does not react as effectively nor as completely The
skin remains warm throughout the phase of compensatory vasocon-
striction and there 1s no evidence to indicate that significant amounts of
blood are being shifted away from the surface of the animal to the in-
tertor Apparently, in this case, we are dealing with the failure of a
compensatory mechanism which 1s operative under winter conditions
Thus, the presence of an increased blood volume 1n the skin during heat
acclimatization may actually be detrimental to the compensatory activi-
ties of the ammal, since this bed 1s no longer available for active redis-

f blood
ml/)\Ldlgrcz)Zg;ne; y I was simply looking for potential sources of blood
loss from, or of blood supply to, the central circulation, and I do not
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think 2 single example 1¢ the expeniment on the dog 1n wnter and 1n
summer negates the 1dea that enormous shifts of blood can take place
under extreme conditions 1f the volumes are there 1 only ashed if it
1s true that the blood volume increases 40 per cent 1n summer where
15 that blood? I thunk 1t 15 1n the shin If 1t 15 1n the skan 15 1t possible
for the skin to hold 40 per cent of the blood volume? If the shin can
hold 40 per cent of blood volume and under some circumstances (at
least 1n man) can empty ttself very completely doesn t that wnterest us
as a source of blood and a source of loss of blood quite comparable to
the spleen?

Zuerfach 1agree with you Iwould however Like to emphasize the
pont that the presence of an increased circulating blood volume does
0ot per se necessanly make an animal more resistant to a stress situa
tion The basic consideration 1s the capacity to mobilize the circulating
blood

Brrton 1 would support that Dr Zweifach because Dr Bazett and
I (43) found 1n these climatic expeniments that, after the man had
been acclimated to heat and had had this increase 1n blood volume
cooling the room immeduately caused the blood flow 1n the fingers to
drop very markedly but, until the third day 1t did not drop to anything
like the low level that 1t had before the subjects were acclimatized to
heat. During the course of those 3 days there was a druresis and approxi
mately 1500 ml of extra fluid were eliminated from the body The vaso-
constriction 18 not to the full level until this shuft has taken place

Thus means that the climatic stress the stress of needing a peripheral
vasoconstriction to keep (n the heat 1s not sufficient to empty this reser
vour Whether or not 2 hemorrhagic shock situation would be a greater
sumulus and result 1n emptying this potential reservorr of the shin 1s a
subject on which I know of no data

Zuerfach Local factors within a particular tissue also nfluence the
ability to redistribute the blood mto other segments of the vascular
tree A pertinent example of this situation 1s that which exssts 1n shel
etal muscle durlng stress  Under normal conditions hemorrhage re

sults in a profound vasoconstriction and a removal of this bed from the
active arculation Following exercise the vascular bed in the same
muscle will not vasoconstrict with hemorrhage despite the fact that the
opposite limb muscle continues to undergo actne vasoconstriction The
vessels n the exercised imb remain open v en at blood pressures as low
a5 40 mm Hg The capacity to respond to vasomotor stimuli can there
fore be considerably modified by envtronmental condttions in that part

M Runely To return to the shin questton for a moment Dr Leo
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Massopoust of Marquette University has published a magnificent set of
pictures showing changes in the diameters of veins i the body walls
of women as they go into pregnancy There 1s an ncrease in the volume
of blood in the skin of these women, at least 1n some areas of the skin
Lamport In the same direction, it seems to me that the use of the
photoelectric plethysmograph, which includes 1n its reading the blood
in the venules, might be helpful here 1n giving an integrated value for
blood content, since you cannot see these venules 1n a gross photograph
Cowminand 1 hesitate to introduce clinical material here, but there
are two sets of observations which might be of interest 1n relation to
some of the questions asked previously Furstly, at Bellevue Hospital a
study was made of subjects suffering with traumatic shock and under
the influence of alcohol These constituted about 20 to 30 per cent of
the subjects under study at that hospital during the last war It was
found that they were worse off with a lesser blood volume reduction
than nonalcoholics and showed some tendency to have warm skin
Sometimes they responded spectacularly to injection of vasoconstrictor
drugs, this applies only to the group with a blood volume reduced by
20 to 40 per cent of the predicted value Secondly, with regard to the
influence of circulation at various rates and through different parts of
the body upon the direct measurement of total blood volume, cardiac
failure would appear to be a test situation In the course of measure-
ment of the total blood volume by the combined P** and T-1825 meth-
ods, Dr Alfred P Fishman and Dr Philip Samet 1n our laboratory have
gtven vasopressor and vasodilator substances which act rapidly by the
intravenous route 1n pattents 1n cardiac faslure They have been unable
to detect any change 1n the alignment of the experimental points along
the two slopes—that of the radioisotope count and that of the dye I
think that man 1s different from the dog 1n that total blood volume mea-
surement accounts only for a fast circulating vascular compartment
Finally, I would like to make a statement with reference to the type
of shock that Dr Barcroft studied with O G Edholm and ] Mc-
Michael, namely the vaso-vagal syndrome type, 1n which there 1s fast
redistribution of blood It 1s difficult to compare this with other forms
of shock, such as traumatic and hemorrhagic, because I doubt that a
large volume of blood 1s held in the muscular mass of the upper part
of the body 1n those types, since, 1n severe shock, pulsations disappear
even in the large artertes of the arm, but they are still present in the
lower limbs Although indirect evidence, this observation does not sug-
gest that the blood volume can increase in the muscular mass of the

art of the body
up?\({ez;ﬁgome; y I should think the fast flow to muscle almost certainly
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fails 1n trreversible shock or just before irreversible shock Would 1t not
Dr Barcroft?

Barcroft The observations that Dr Edholm and I (44) made were
confined to the vaso-vagal syndrome Here we visualized that the loss
of consciousness 1n some subjects was chiefly caused by an opening of
the vessels 1n the muscles and a lowertng of the penpheral resistance,
offering to the blood a path of very low resistance from the arterial to
the venous side and so depriving other organs of quantities of blood
which would otherwise have gone through them

We have no observation as to whether the lowering of the resistance
1n the muscles did or did not mean that they contarned more blood at a
particular time

AMontgomery You would hazard no guess as to the range of volume
of the muscular vascular bed?

Barcroft In the vaso-vagal syndrome I am sure there was a big de
crease to the resistance to flow 1n the muscles but I do not know about
the volume tn the muscles

1 would like to say another word 1n connection with Dr Cournand s
interesting point about the force of pulsation I think st 1s difficult to
judge from a feeling of the force of pulsation what the situation 1s 1n
regard to the blood flow We were very impressed 1n studying these vaso-
vagal syndromes by the fact that 1t was not posstble either to feel the
heart beat or in some cases even to hear the heart beat with the stetho-
scope over the apex the reason presumably being that resistance to flow
(n the periphery was so low that the force of the heart beat was too
small to be detectable on the surface by such methods

Cournand 1 was speabung of peripheral pulsations the femoral
pulse nas always discernible

Barcroft When my fatber went on the Royal Society expedition on
the S S Victorna for the p of studying the effect of high altitude
in the Andes (2) the m 1s of the expedition took measurements
of the blood volume by the carbon monoxide method at very frequent
tervals and as Dr Knusely said they found that the blood vﬁuu.mc
increased until they got through the Panama Canal to the Equator then,
as they went dow n the coast of South America 1t decreased again They

felt that they had not obtained a proper basis for studying the effect of
altitude on blood volume because they did not hnow really what thetr
blood volumes were

1t T recollect the order of change there was something like a liter
n the total of 5 liters which would be about 2 20 per cent change 1
the blood volume and then when they got back to England Fetter
and Davies (43) repeated obsenations of the blood solume rassing the
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Massopoust of Marquette University has published a magnificent set of
pictures showing changes in the diameters of veins 1n the body walls
of women as they go into pregnancy There 1s an increase in the volume
of blood 1n the skin of these women, at least 1n some areas of the skin
Lampoit In the same direction, it seems to me that the use of the
photoelectric plethysmograph, which includes 1n its reading the blood
in the venules, might be helpful here 1n giving an integrated value for
blood content, since you cannot see these venules 1n a gross photograph
Conrnand 1 hesttate to introduce clinical material here, but there
are two sets of observations which might be of interest 1n relation to
some of the questions asked previously Furstly, at Bellevue Hospital a
study was made of subjects suffering with traumatic shock and under
the influence of alcohol These constituted about 20 to 30 per cent of
the subjects under study at that hospital during the last war It was
found that they were worse off with a lesser blood volume reduction
than nonalcoholics and showed some tendency to have warm skin
Sometimes they responded spectacularly to injection of vasoconstrictor
drugs, this applies only to the group with a blood volume reduced by
20 to 40 per cent of the predicted value Secondly, with regard to the
influence of circulation at various rates and through different parts of
the body upon the direct measurement of total blood volume, cardiac
farlure would appear to be a test situation In the course of measure-
ment of the total blood volume by the combined P*? and T-1825 meth-
ods, Dr Alfred P Fishman and Dr Philip Samet 1n our laboratory have
gtven vasopressor and vasodilator substances which act rapidly by the
intravenous route in patients 1n cardiac failure They have been unable
to detect any change 1n the alignment of the experimental points along
the two slopes—that of the radioisotope count and that of the dye 1
think that man 1s different from the dog n that total blood volume mea-
surement accounts only for a fast circulating vascular compartment
Finally, I would like to make a statement with reference to the type
of shock that Dr Barcroft studied with O G Edholm and ] Mc-
Michael, namely the vaso-vagal syndrome type, 1n which there s fast
redistribution of blood It 1s difficult to compare this with other forms
of shock, such as traumatic and hemorrhagic, because I doubt that a
large volume of blood is held in the muscular mass of the upper part
of the body 1n those types, since, 1n severe shock, pulsations disappear
even in the large artertes of the arm, but they are still present in the
lower limbs Although indirect evidence, thts observation does not sug-
gest that the blood volume can increase 1n the muscular mass of the

upper part of the body

Montgomety I should think the fast flow to muscle almost certainly
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would pertain to data obtamned by the thermoelectric needle method
that Dr Barcroft has mentioned

Burton Except that the muscle 15 sometimes hotter than the deep
body temperature

Montgomery We have seen this prinaple backward We have ob-
tained estimates of blood flow 11 a hot water (43 C) environment by
finding that the shin temperatures during the slowest flows approach
the temperature of the water and those of the fastest flows approach
the lower temperature of the body I suppose 1t 1s through a curved
line but we do not have sufficient data on that

Nickerson What room temperature s this related to?

Vontgomery A temperature of 22°C

TISSUE OMNYGEN TENSION

Y ou probably remember that many years ago chenusts were using an
clectrical method to estimate various concentrations of certain chemicals
in solutions using the so-called polarographic method If one through
a suitable circust an example of which 1s shown 1n Figure 24 puts a
suitible electrode 10 a switable solution and increases the voltage the
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temperature in the chamber, because my father thought perhaps this
was a temperature effect, and within 48 hours they found an increase
of about a liter also

M. Kmsely The experiments were very carefully controlled They
even measured the coefficient of expansion of the frameworks for the
devices that measured gas volumes I was delighted that they checked
up on that

Montgomery The figure quoted by Bazett (1) from your father’s
work was 38 per cent, but that may have been an extreme, and I was
taking extremes to make the point, since it 1s quite concervable that
under shock conditions extremes could exist

RCLATION OF SKIN TEMPLRATURL TO BLOOD FLOW

Montgomery 1 would like to discuss briefly the relationship of skin
temperature to blood flow in skin This 1s apropos of the heat-flow
relationships that Drs Burton, Kety, Lamport, and others discussed
previously Their remarks concerned muscle, however, these data con-
cern skin, not muscle Some years ago, Dr Burton made plethysmo-
graphic measurements while I made other observations and we pub-
lished the data separately (Figure 22) At various room temperatures
from 18° to 30°C we took air-plethysmographic measurements of flow
in the tips of normal fingers, the distal half of the finger, and simul-
taneously took skin temperature measurements of adjacent fingers, and
the relationship was found not to be a straight line The relationship
of skin temperature to flow turned out to be, from the rather scattered
data, a nest of curves, each curve appropriate for a single room tem-
perature, lowest flows approaching room temperature, and the highest
approaching body temperature, as one would expect

More recently 1n our laboratory D Felder and E Russ made another
study, with the air-plethysmograph, of flow n the tips of normal toes,
at a room temperature of 20 5 = 2°C They made simultaneous mea-
surements of skin temperature on the same toe-tips As you know, there
are great vaniations 1n flows spontaneously, especially n fingertips Each
of the points 1n this graph 1s an average of a number of skin tempera-
tures and of digital flows during a 6-minute period, a period that was
chosen because, during 1t, and for 6 minutes preceding and for 6 minutes
thereafter, skin temperature was stable (= 05°C) The lag of skin
temperature after blood flow change was in this way minimized

So here again as flow ncreases, as temperature increases up toward
body temperature, the curve swings up asymptotically toward a hori-
sontal a little below body temperature I suppose the same sort of thing
would necessarily hold, would 1t not, to some extent for muscle and 1t
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would pertain to data obtamed by the thermoelectric needle method
that Dr Barcroft has mentioned

Burton Except that the muscle 1s sometimes hotter than the deep
body temperature

Montgomery We have seen this principle backward  We have ob-
tamned estimates of blood flow 1 a hot water (43 C) environment by
finding that the skin temperatures during the slowest flows approach
the temperature of the water and those of the fastest flows approach
the lower ternperature of the body 1 suppose 1t 1s through a curved
line but we do not have sufficient data on that

Nickerson What room temperature 1s this related to?

AMontgomery A temperature of 22 C

TISSUE OXYGEN TENSION

\ ou probably rememnber that many years ago chemists were using an
clectrical method to estimate varrous concentrations of certain chemicals
in solutions using the so-called polarographic method If one, through
a suttable circutt an example of which is shown 10 Figure 24 puts a
suttable clectrode 1n a surtable solutton and increases the voltage the
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FIGURE 23 Relationship between skin surface temperature and measured blood
flow 1n toe tip at room temperature 20 5 = 2°C  Plethysmograms were taken
only when skin temperature was constant Each point 1s the mean of three to
seven flow measurements All data from February 13, 1952 to July 17, 1952 are
presented Reprinted, by permission, from Felder, D, Russ, E , Montgomery, H,
and Horwitz, O Relatronship in the toe of skin surface temperature to mean
blood flow measured with a plethysmograph Cilmm Sc 13, 251 (1954)

current which flows has some sort of relationship to the voltage A char-
acteristic curve 15 obtained such as 1s shown tn Figure 24 In other words,
there 1s a certatn current for a certain voltage when the electrode 1s 1n
a certain concentration of a certain solution, and there 1s a plateau of
current over a short range of the voltage

In Dr Detley Bronk’s laboratory at the University of Pennsylvania,
Dr Davies and Dr Brink (46) took a platinum electrode (cathodc)

with a suttable circust, used the electrode 1n solutions 1n which various
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Ficure 24 Current voltage curve for electrode 1n wr saturated saline When
very small oegative voltage is applied to 1 metallic electrode 1n a solution con
taing dissolved oxygen, there 15 2 reduction of the oxygen at the electrode sur
face resulting 1n 2 small flow of current through the electrode. With increasing
voltage, rate of reduction and resulting current increase until & voltage in the
neighbothood of —0 6 volt 15 reached At thts voltage the oxygen 1s reduced as
quickly a3 1t reaches the clectrode surface Further increases in voltage have little
or no cffect on current uatil 2 voltage 1s reached where reduction of hydrogen

lons commences

copcentrates of oxygen were present and at an emf of approximately
06 volt they found a straight line relationship between the concentra
tion of the oxygen and of the current that flows They applied this
principle to the study of oxygen in solutions bathing living nerves and
then they measured oxygen tenston on the surface of the cat s brain

Dr M G Larmabee and Dr R Hodes* used such an electrode in the
skin of the forearm and did two things They breathed pure oxygen
and found that the electrical current increased considerably and they
inflated a blood pressure cuff on the upper part of the arm above arter
1l pressure and found marked decreases 1n the current

Dr Onille Homwitz and 1 (47) saw this and thought 1t might be a
useful tool n the study of perpheral vascular phystology and disease
Tigure 234 shows a cathode which 1s 1llustrated 1n more detal 1n Figure
29 There s an indifferent electrode  with calomel half-cell g or silver

Unpeblished ata
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FIGURE 25 Wiring diagram of circutt for polarographic determination of oxygen
tension 4 electrode tip (cathode), & selector switch (controlling six electrodes),
¢ electrode switch, 4 Ayrton Shunt (Rubicon No 1243) (resistance 0 to 65,000
ohms), ¢ dry cell (1 5 volts), f varmable resistance (500 ohms), g calomel half-
cell (anode), contamning 09 per cent NaCl, 5 09 per cent NaCl n beaker, 7
variable resistance (10,000 ohms), 7 fixed resistance (2,000,000 ohms), £ fixed
resistance (40,000 ohms), / main switch, G galvanometer (Rubicon No 3418),
V voltmeter Reprinted, by permission, from Montgomery, H , and Horwitz, O

Oxygen tension of tissues by the polarographic method, introduction, oxygen
tension and blood flow of the skin of human extremities | Clin Invesligalion

29, 1120 (1950)

silver chloride cell mn which a finger can be placed and a sensitive elec-

trode (cathode) havinga diameter of a 26-gage needle, can be placed 1n
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shin Subsequently Mr George Perce made studies of muscle possible
by designing other electrodes

Figure 26 shows the electrode as it might appear i skin. A platnum
wite protrudes through a glass tip and 15 brought to a pont by sharpen
ing on a stone some mercury makes contact between the platinum and
the curcuit, and perhaps the shin looks somethung Like this It was soon
apparent that, if we took such an electrode and calibrated 1t 1n a solu
tion of known concentration of oxygen and then made 2 measurement
with 1t 1n skin that had a fast blood supply and presumably because of
that fast blood supply a high oxygen tension, we did not find the oxy
gen tension that one must expect in such shin.

What we are really measuring 1s the rate of diffusion of oxygen to the
tip of the clectrode the tip of the electrode 1s constantly reduang the
oxygen so that there 1s a big diffusion factor that differs 1n a solution
and 1n a tissue

We then took some excised human shin, inserted an electrode 1n 1t
and put 1t 1 physiological saline baving a known oxygen tension We
at first obtatned zero current zero oxygen tenston The reading re
matned zero for nearly an hour and then the current slowly rose and
came to a level 1then realized that the shin must at first have been alive
and using oxygen and then it had died and become passive to the
oxygen in the surrounding fluid

We then used freshly dead shin as 2 means of roughly calibrating

such electrodes for use in skin and reported oxygen tension i mm Hg
10 some of the work

bt rL 26 The open lat
natron ot oxygen (mzw platinum electrode of Davies and Bnnk, for determs
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Figure 27 shows a small apparatus that will do the major part of this

work without any recording
Figure 28 shows another apparatus, an electronic one, that permuts
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FIGURE 27 Usual apparatus for determnation of oxygen tenston—thrce elcc-
trodes 1n the skin of forearm
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N A
Figurs 28 Electronic appanatus for polarographic determinstion and recording
of oxygen tension

automatic recording and also measures smaller oxygen tensions It 1s
used hete 1n following changes in oxygen tenston 1n thigh muscles

Early 1 the work we made known solutions of oxygen and recorded
the current flowing through electrodes 1n the solutions and through elec
trodes 1n dead shin in the solutions (Figure 29) Readings were made
after 10-second closures of the ctrcutt We obtained a linear relation
ship between the current (1n galvanometer unuts) and the known oxygen
tension The upper line A shows experimental results 1n the hnown
solutions The lower one B was obtained n the freshly dead shin
equilibrated 1n known solutions that 1s for a known oxygen tension
there was a slow er diffuston rate to the tip of the electrode 1n skin than
;n the solution but the relationship was not changed from a straight
ine

Nickerson May Iask if 1n ths calibration on shin, you are assumung
that the diffuston of oxygen to the electrode through the dead shin 1s
comparable to diffusion from the capillary bed to the electrode?

Montgomery That ts nght but we may in time find need of correc
tions

Nickerson Are not your distances quite different ?
Monfgomery They may be but we have evidence that they are not
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Figure 27 shows a small apparatus that will do the major part of ths

work without any recording
Figure 28 shows another apparatus, an electronic one, that permits

- -~ - - . v e e ey

FIGURE 27 Usual apparatus for determnation of oxygen tenston—three elec-
trodes 1n the skin of forearm
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a very slow curculation  We thunk this method will emerge as a useful
method of study of oxygen tension 1n vartous tissues

In studying oxygen tenssons of solutions it soon became apparent
that there was an important correcttve factor for different temperatures
and that thus factor 15 approxunately that of the mnfluence of temperature
upon gaseous diffusion. Figure 30 15 obtained from our experimental
data and can be used to correct oxygen tension to a single temperature
The same correction applies to a tissue as to a solution

We used the rough calibrations 1 dead shin 1n trying to obtan a
quantitative measure of the oxygen tension 1n live shin The example
shown in Figure 31 1s from intact skin of 2 normal toe during vasodila
tion When oxygen was breathed as it was twice duning this expert
ment, there were great ncreases in skin oxygen tension  An open mash
was used Whea the blood supply was made negligible by 2 pressure
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FIGURE 29 Current-oxygen tenston relationship simultaneous measurements of
current from A electrode tip (electrode No 4) 1n 09 per cent NaCl and from
B electrode tip (electrode No 6) 1n excised, dead skin 1n 09 per cent NaCl
Curves show effects upon current of various known tensions of oxygen in the
saline Correlation coefficient of points along A 15 0 99, along B 1s 098 These
charactersstic differences 1n slope are only slightly nfluenced by the differences
in the two electrodes Temp 23 5° =+ 1°C

severely so It 1s certainly not a live, functioning skin, but 1t 1s the near-
est thing to live skin that we can get that does not consume oxygen

Nickerson There are no areas in skin that are as far as from a capil-
lary loop as the distance from the solution to the center of the dead skin

Montgomery The electrode 1s large relative to capillasies, and
touches many capillaries, and there 1s evidence that the diffusion dis-
tances are not greatly changed by changes in circulation I hope we can
shortly have some discusston of this, although 1t may sound a little like
the discussion we had earlier, concerning the rate of disappearance of
radioactive sodium However, 1n a later Figure, I shall show that we
did obtan expected values for oxygen tension 1n living skin having a
fast blood flow and greatly decreased oxygen tensions 1n skin having
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Fiurr 32 Effect of physiological vanations 1n blood flow upon oxygen tension
of shun of toe of two narmal fermale subjects  Electrode No 6 (for its calibration
charactensts see Table X1 on page 149 Blood flow through shin of toe was
increased reflexly by heating, p:n{:ou the body Room temperature 23 C.
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W ¢ made a number of oxygen tension measurements in the shin of
toes using, this calibration  of the oxygen tension With mtact shin
when the cutancous vessels were gently vasodilated we obtained an
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cuff on the thigh, the oxygen tension slowly decreased to cero, and re-
turned when the cuff was deflated There were many such measure-
ments Thus 1s an average one and I think not 1n any way a picked one

In the experiments illustrated in Figure 32, simultaneous measure-
ments were made of oxygen tension and of temperature of skin of toes
Room temperature was constant at about 23°C Heat was applied to the
body and caused reflex vasodilation in the toes Oxygen tension is
plotted here in mm of Hg, starting 1n this instance (upper graph) at
about 50 mm and going to some 125 mm The skin temperature values
of the toe and the corresponding blood flows are shown In other words,
as there was a rise in blood flow in the skin, there was a rise 1n oxygen
tension The cutaneous oxygen tension increased to about the expected
value for plasma equilibrated against air The results are of the expected
order of magnitude Many experiments were made subsequently to learn
more about the changes of oxygen tenston 1n skin that result from chang-

ing blood flow

mm Hg Breathming Breathing Circulation
500 - 1007% 02 100% Oz off
e =
450 + ’ﬁ
400 - !
350 — ‘{
AS,age30 toe : /1.
300 +— : 5
: P
250 1 S ,
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200 +— : 3
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8
150 - i A 2
T Y-
100 -~ SKIN TEMP J i\j ':.A 7% o
PO - % Ll x
50 + 2 ¢ [ * 5
o ||| e |

(o} 10 20 30 40 50 60 70 80 Q0 100 110 120 MIN

FiGure 31 Effects of oxygen inhalation and of arrest of circulation on oxygen
tenston of skin of toe of a normal female Oxygen given by open mask at rate
of 15 Iiters per minute Circulation arrested by blood pressure cuff on lower leg,
with pressure 50 mm Hg above systolic Room temp 25 5°C
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Ficurr 32 Effect of physiological varations in blood flow upon oxygen tenston
of skin of toe of two normal female subjects Electrode No 6 (for its calibration
characterstics sec Table X1 on page 149 Blood flow through skin of toe was
increased reflexdy by heating pads on the body Room temperature 23 C.

We made 2 number of oxygen tepsion measurements 1n the skin of
toes using this calibration  of the oxygen tension With intact shin
when the cutaneous vessels were gently vasodilated, we obtaned an
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average value of 87 mm Hg The measurements 1n the same skin dur-
ing vasoconstriction averaged 28 mm Hg The measurements 1n toes
having severe peripheral arterial occlusive disease, when the limbs were
in vasodilation, averaged about 18 mm Hg, and the skin of these same
toes during vasoconstriction had even lower values We now know that
in normal subjects when there 1s severe vasoconstriction, the oxygen ten-
sion may be even smaller than any of the figures just cited Blood flow
1s then extremely slow
I suppose 1t 1s fair to say that arterial blood 1n the normal subject has
a value c71ca 100 mm Hg pressure and that with infinite blood flow we
should obtain a mean value of 100 mm 1n skin Skin has a low metab-
olism, and, on occasion, a very rapid flow, so we should approximate
arterial values from measurements 1n vasodilated skin
Figure 33 shows another way to demonstrate the great variation of
delivery of oxygen to a tissue (the skin in this instance) over extremes of
vasodilation and vasoconstriction A number of measurements were
made by Dr Raymond Penneys (48) of the time taken for increments
of oxygen, furnished by the lungs, to appear at the electrode tip 1n the
skin of extremities in various degrees of cutaneous vasodilation and
vasoconstriction The top curve 1s the change 1n per cent saturation of
warm ear blood as measured by the oximeter, and 1s much the same
for all experiments on any one subject The time of arrtval of oxygen
in the skin of the extremities vartes widely, depending on the pertpheral
vascular tone In the case of a normal person in marked reflex vaso-
constriction (“cool skin,” 25°C), we found the first increment in oxy-
gen 1n the skin to occur 1n 90 seconds When, however, the extremity
was lying 1n hot (45°C) water and the body was kept warm, oxygen
arrived 1n the skin of the extremity several seconds after being detected
in the ear by the oximeter, showing the tremendous range of blood flow
in the skin
Since our average value for vasodilated skin was not far different
from that expected for artersal blood, Dr Penneys (49) made a study
to relate oxygen saturation (oximeter reading) to oxygen tenston in the
vasodilated skin, and made a sort of "7 vzvo dissociation curve” (Figure
34) He labeled the reading of wnitial tension as 100 per cent, varied the
oxygen content of the inspired gas to as low a level as was safely feast-
ble, and from many experiments drew the curve shown The rate of
change of slope fits the conventional dissociation curve of human blood
almost exactly Though 1t 1s not safe to try for lower figures, the result
further substantiates the use of the oxygen electrode 1n warm skin to
obtain approximate values of arterial oxygen tension
Even 1n warm skin we do not know for certain that we are measuring
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FIGURE 33 The first change in the arterial oxygen saturation of the blood and 1n
the oxygen tension of warm, cool and hot skin—three typraal experiments on
three different subjects  Saturatton chmﬁt arc essentially the same 1n all expens
wments O, 1ndicates beginning of wnhalation of oxygen Reprinted by per
mission, from Penneys, R~ and i{on! mery H  Oxygen tension of tissues by
the polacographic method  the rate of movement of oxygen from the peripheral
artery to the im_ ] Clm Investigarson 31 1042 (1952)

solely oxygen tension However in solutions wide changes 1a pH and
salinity appear to have no effect

We do know that we can put the 1strument to practical use 1n various
ways one of which is the following Dr Harry F Zunsser Jr Dr
Horwiz, and T (50) found the electrode as useful as measurements of
samples of arterial blood, i detecting right to-left shunts It 1s much
less disturbing to the patient than 1s the conventronal method employ
108 artertal blood sampling  On breathiag oxygen through a B and B
mask the skin oxp,en tension of panents without nght to-left shunts
tacreases on the average of 314 per cent that of patients with right to-
left shunts by 29 per cent The lowest of the fisst group was 100 per cent
the highest of the second 43 per cent, 5o there was a clear distinction
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betw een the two groups with nothing even approaching an overlap In
other words the method can be used to advantage wn rough estimates
of artertal oxygen tenston since only a very small proportion of the 0%y
gen of fast flowing blood s extracted by shin Indeed 1n the case of
tensions approximately 200 to 300 mm obtamed by breathing high
oxygen mixtures the method scems to compare yery favorably with
the conventional 21 12tro methods

Dr Horwitz (51) used the electrode to explore the problem of optt
mum environmental (atr) temperature for normal and 1schemic ltmbs
(Figure 35) He put electrodes 1n the shin of the legs gradually 1n
creased the temperature of the air around the legs and measured the
changes 1n temperature and tn oxygen tension in the shin of the legs
Oxygen tension increased with shin (surface) temperature m normal
subjects up to skin temperatures of 43 + 2 C and in the 1schemic legs
up to 41 = 1 C. With further 1ncreases 1n shin temperatures oxjgen
tension decreased and pain developed During the heating there must
be an increase 1n blood flow an increase 1n dissoctation of oxygen from
the warmed hemoglobin and therefore, 1n the supply of blood and
oxygen to the tissue and an increase in metabolism of the shin - At 40
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Ficure 35 Effet of changing aur tempenature upon the cutancous tem

and oxygen tension. Illustrating relationship bctwg:n oxygen tension an nutt":cr:
t::ﬂ:auu:c of the skun of normal extremuties 1n eight subjects Oxygen tension
readings are cxpressed on a relative rather than on an absolute basis with 100
representing the maumum value obtauined by any one electrode  Fach determmina
tien was corrected for the physical effect of temperature upon the electrode read
ing Sk.:{. tem mgelow 20 C are pot graphed here  Repnated, by per
muson, from Horwrtz, Peirce, G and Mont; H
Msuubytbefohmgnfzhmmcthod the effect cf%omﬁy o

ocal beat on the
of the shun of extremuties Crrewlaston 4 111 (1951} oEen tension
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to 44° C, maximum oxygen tension results Oxygen utilization then
outruns the increasing supply of oxygen by reason of limits of increas-
ing flow and dissociation and a continued rise 1n oxygen uttlization
That 1s probably the correct explanation One could not say that this s
the clinically optimal temperature of a Iimb because 1t 1s not oxygen
alone that 1s needed 1n the 1schemic extremities I offer it as an example
of the use of the electrode in clinical 1nvestigation

I think 1f we become involved in a prolonged discussion of this, we
will encounter many of the same factors that Dr Kety did eatlier There
are gradients around the tip of the electrode There are probably dif-
ferences in rate of diffusion in different tissues, or differences between
that 1n solutions which can flow and in tissues that cannot flow
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MESENTERIC LYMPHATIC DYNAMICS
IN THE RAT*

SILVIO BAEZ
Department of Medicine

Coinell Unrversity Medical School
New York, N Y

IN THE LITERATURE, extenstve studies on the flow of lymph may be
found (1), but there 1s less information specifically concerning the flow
in the intestinal (lacteal) lymphatics That the mesenteric lymphatics
in rats and gumea pigs aid 1n the movement of lymph by contracting
was recorded by Heller 1n 1869 (2) These early observations were
overlooked for a long time Nearly 50 years later several investiga-
tors (3, 4, 5), independently of each other, and apparently without
knowing of Heller's work, fully confirmed his observations Florey (6)
extended the observations to other mammals, including man, and con-
cluded that lacteal motion 1s characteristic only of the rat and guinea
pig A detailed explanation for the active lymph flow mn this group of
mammals, however, 1s lacking

The demonstration of mesenteric lymphatic contraction and lymph
flow by means of motton pictures 1s not new (7, 8) It has been postu-
lated (7) () that the flow of lymph in the lacteals 1s mainly effected
by segmental contraction of the lymph vessels (a segment being that
portion of a lymph vessel between two valves), denying the existence
of waves of contraction resembling peristalsss and (4) that the action
of the valves in preventing regurgitation 1s passive and dependent en-
tirely upon the force of the reverse flow In the course of our observa-
tions of the terminal vascular bed 1n the rat mesentery, we became aware
of a different, constant pattern of dynamics i the lymphatic vessels,
namely («) lymph flow occurs without segmental contraction of the
vessel wall, (&) waves of peristaltic movement are present, (¢) valves
appear to be active organelles which open and close rhythmically with-
out the need for the force of a back flow This does not exclude the
presence of segmental wall contraction and passive valve closure

#Arded by a rescarch grant from the National Institutes of Health, U S Public Health
Scrvace (Grant H-79)
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Examples of our observattons may be seen in Figures 36 37 38 ex
tracted from a motion picture of the mesentery of the normal fed rat
An Eastman Kodak Special Camera with a Zircontum arc lamp was
used for cinemicrographic recording at a speed of 21 frames per
second *

Burton 1 would like to ash what evidence you have of independent
contractility of the valves How can you be sure this 1s not a passive
opening and closing caused by changes in pressure brought about by
peristalsis?

Baez The motion picture demonstrates this point clearly A wave
of penstalsis along the wall of the lymph vessel will certanly close
the valves (Figure 368) however between the penstaltic cycles vigor
ous and spontaneous closing and opening of the valves tachplacc (Iig
ure 37 A and B) and this occurs in the absence of reversal of the lymph
flow

Burton 1 was wondering how you could be sure unless you can sec
all of the wall back to the next valve that there 1s not a difference 1n
the pressure on the two sides which 1s causing that valve to move

Baez With the low power of the binocular microscope (x40) one
can have in the field as many as four to eight segments of the lymph
vessel The number to be seen varies from one preparation to another
In the lymphattcs of the normal rat mesentery the following three
features may be observed

1) Wall motion (a) Waves of penstaltic movement run long the
entire length of the lymph vessels They can be visualized best by mov
ing either the microscope or the separate 3 way pinton stage so as to
follow the fast progresston of a given wave of perstalsis from its ity
ation at the central end of the vessel otherwise with the field fixed
this rapid movement appears as a total instantaneous constriction of
the wall (Figure 36B) (b) Partial segmental wall contractions occur
anywhere along the wall between two valves but most often in the
viciity of a valve or at the confluence of trbutary vessels

2) Valte motion (systole and duastole of Florey) In order of fre
quency valve closing and opentng occur as a result of (a) spontaneous
actton, mndependent of both peristaltic waves and partial wall contrac
tions (Figures 37 38) (4) an advancing penstaluc movement which
always closes the valves on its course or (¢) parttal mural contraction
occurring 1n front of a valve This may or may not close 1t apparently

depending on the momentum of the intrinsic forces which control the
valve motion

A
2 t the muxgl"t}:; film was presented. For publ ation Di Bae has chosen sllustraty ¢
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B

FIGURE 36 Portion of two lymphatic segments demonstrating A normal resting
state of wall and valve showing rich vascularity about the valve site, B the same
two Iymphatic segments 1n a state of over-all contraction 1n the wake of a peri-
staltic wave which closed the valve x40 Not retouched

3) Lymph flow (a) Lymph or chyle can be observed flowing rapidly,
mdependent of any distortion of the wall from its normal resting state
(b) Perstaltic waves and partial wall contractions aid its progression
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FusURE 37 Two stages of a lymph valve 10 action A B Closed 1n the
absence of either a ltic wave of contraction or flow Note the un
changed dumeter of the lymph vessel wall (x320) Water immersion  Not re
touched

toward the mesenteric lymph nodes and thoracic duct (¢) Back flow
occurs when a strong segmental partial wall contraction occurs at a mo-
ment when the distal valve 1s tightly closed and the proximal valve 15 in
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FIGURE 38 A Two intermediary lymph channels a

re shown on the right and th
origin of a collecting lymph channel on the left, also three valves {fn daxr;stolee
B 'It'I}])e same v;isels a]s abcg}:e,hshowmg independent closing (systole) of the valve
1n the upper channcl, with the two .
o Ngr?retouchcd valves 1n the lower channel remamning open

mid-diastole The gush of retrograde flow does not go f t
detarned by the first closed valve go very tar as It IS
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Nickerson Are you nterpreting the pressure relationshps n front
of and behind the valie on the basts of the movement of particulate
matter in the lymph stream?

Baez. In order to mamtamn as normal a preparation as possible for
these studies no extrancous matertal was injected The flow of lymph
can readily be observed and occasional leukocytes are always present
to aid as guides

Nirckerson The particles which were probably lymphocytes went
both ways As a matter of fact retrograde flow seemed to be quite com
mon

Baez Yes retrograde flow does occur The motion picture shows
very clearly one of the pomts of our contention namely that the valves
behave as actine organelles They remain open despite a strong rush
ing backflow

Lamport Have you ever encountered a situation where the wall of
the lymph vessel was damaged and opened so that you presumably
would have no change mn the intralymphatic pressure because of leak
age? In such a arcumstance did you still see the motion of the vahe?

Baez That 1s correct In fact the situation can be induced expertmen
tally at will, with dissecting microneedles Turthermore several seg
ments of the lacteals can be dissected and will keep contracting for 1n
our experience as long as 30 to 40 minutes

Lamport In the motion picture you indicated that you administered
eptnephrine What do you mean by the same dose of epinephrine 15 1t
given intravenously?

Baer Bythe same dose we mean that n this particular expeniment
we applied topically a total amount of 001 pgm of epinephrine 1n 02
ml and for comparative study we njected intravenously the same
amount of the drug 001 pgm 10 a volume of 0 2 ml

Lamport Using the intravenous mjection causes a tremendous dilu
tion.

Baez That 1s true  Both the intravenous dose and the topically ap-
plied epinephrine are undoubtedly diluted The final effective concen
tration, at the target structures under observation, 1s so inconcetvably
dilute as to be out of the realm of my imagination

Zuerfach With the method of topical application of epinephrine 1t
1s dufficult to be certain of the concentration of the drug which actually
reaches the tasget vessel When a comparison 1s made between the ef
fective concentration of epinephrine as determined by surface applica
tion with that whuch 1s effective by direct wnjection 1nto the tissue with a
micropipet the order of magnitude 1s about 1000 1

W Krnisely Was it necessary to control the diet of the rats? Did you
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reduce the fat intake’ The reason I ask 1s that there 1s very little fat
present 1n the mesentery, and this has been a problem to me in trymng
to observe this sort of thing

Baez* These were normal rats, maintained n their cages up to the
time of admunistration of the anesthetic agent (sodium pentobarbital
35 mg /kg 1M ) on their usual laboratory diet (Wayne Laboratory
Blox “F") and tap water ad /15 1 presume you must have used rather
large rats for your observations The latter have excessive amounts of
fat 1n the mesentery along the blood and lymph vessels, however, 1n
rats weighing from 100 to 150 grams we have always found good sites,
consisting of fat-free lymphatic channels

Lanport* How do you explain the fact that the topical solution acted
differently from the intravenous injection °

Baez 1 should like to review the difference in the reactions of the
blood and lymph vessels to the stimuls of topical or intravenous admin-
istration of epinephrine and arterenol When esther of these agents was
applied topically in the field of observation 1n a concentration of 001
pgm , a distinct slowing down of the blood flow was noticeable withn
15 to 25 seconds, while nothing altered 1n the lymph vessels A narrow-
ing of the muscular metarterioles and a closure of precapillary sphinc-
ters could be observed (when these structures were present 1n the obser-
vation field) On the other hand, when an equivalent amount of erther
of these agents was given intravenously in the same preparation, the
lymph vessels exhibited a marked enhancement of vasomotion, the
number of constrictions per unit of time was increased as well as their
intenstty  No response was discerntble 1n the accompanying blood ves-
sels The lymph vessel response occurred within 25 to 50 seconds after
the intravenous njection, lasted 2 to 3 minutes, and then came back to
its normal rate of six to twelve constrictions per minute

At present our data do not permit an exact explanation for this dif-
ference 1n the responses to topical and intravenous administration How-
ever, I should like to point out that when a stronger concentration of
epinephrine or arterenol (1 to 2 ugm ) was injected intravenously, both
systems of vessels responded In this case, the blood vessels responded
immediately, while the time lapse for the response of the lymph vessels
was 20 to 40 seconds This latter observation suggests that perhaps the
stumulation of the lymph vessels may be indirect, the ultimate agent be-
ing other than the njected one But at present this 1s only an assump-

n
tlOZwez)‘ac/J In most studies of peripheral circulatory hemodynamics,
little or no mention 1s made of the terminal lymphatics The assumption
has been made that these represent a static system of vessels With
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hemarrhage or traumatic shock the terminal lymphatics in the intestinal
mesentery or in the mesorchium undergo profound contractions They
show a form of vasomotion which 1s enarmously exaggerated The sen
sitnsity of these lymphatics to vasoactrve agents 1s sufficiently high to
permit their use as a bio-assay index It 15 apparent that the lymphatic
vessels possess a dynamtc physiology concerning which there 1s no direct
nformation

M Kmsely There 15 another very mmportant factor i which the
changes 1 the volume of tissue spaces of muscles and changes in the
amount of fluid in the lymphatics coming from muscles must be taken
into account The major blood reservatr of the body 1s the liver and
portal vein bed  The spleen stores and releases concentrated red blood
cells

It 15 almost certain that the blood and blood cell reservorrs respond
by emptying out controlled amounts of their contents not only to changes
in the capacity of the various vascular beds of the body but also to
changes 1n the capaaity of tissue spaces and lymphatics When 2 small
amount of flurd passes out of the vascular system let us say into con
nective tissue spaces either the vascular system must contract down to
fit the remaining Liquid or else the blood reservotr must contract and
thereby nject some liquid 1nto the aurculating blood  When a strated
muscle goes from rest 1ato a rhythmucally working phase a great many
capillaries 1n the muscle open up thus the blood capacity of the
muscle 1s greatly increased (9) For a time after the muscle begins to
contract rhythmically the blood flowing through the newly opened
capularies loses a considerable amount of fluid through the capsllary
wall into the tissue spaces (These capillary walls have not previously
had a blood supply for some time and must be presumed to be quite
hypoxic at this tune) As the muscle continues to work rhythmically
and the blood continues to flow through capillaries these newly opened
cxp(xLla)nq which at first lost fluid out through their walls cease lostng
it (10

The phenomenon to which I would like to call your attention now
1s that the blood volume reservorrs respond not only to changes in the
volume of the vamous peripheral vascular beds but also to changes 1n
the capaaty of the tissue space and Iymphatics It 15 my option which
goes beyond the possibility of presenting the detaled evidence that the
blood and blood cell reservours continuously respond to the algebraic
summattons of the capacities of peripheral vascular beds tissue spaces
and lymphatics It certatnly 15 not safe to think only of the possible

changes of the blood and blood cell reservours as responses to peripheral
vascular bed capaaty changes alone perp
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I would agree completely with Dr Zweifach that the tissue space and
lymphatic capacities, and thetr variations, must be included in order
to think accurately about this whole series of phenomena

~ O\
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THE CIRCULATION IN THE
SPLANCHNIC AREA

J] D MYER S
Departmient of Medieme
Unnersity of Putsbargh Schoal of Medicine

COMPARISON OF BLOOD FLOW AND O%YGEN CONSUMPTION

SINCE HOMEOSTASIS of the splanchnic airculation 1s such a broad sub-
ject, I have chosen only two facets of the problem for discussion The
first 15 the relationship of the splanchnic flow to splanchnic metabolism
as measured by splanchnic oxygen consumption

The data used were tahen from human subjects unless otherwse indt
cated and the flows were estmated by Dr Bradley s BSP (bromsulph
alemn) technic which n the absence of marked Inver damage gives very
reliable esttmates of splanchnic blood flon however the estimates
should be taken with some resenation when Iner damage 1s more ex
tensive  Another pont 1s that these are comparisons of splanchmuc flow
with splanchnic oxygen consumption, which means oxy gen consumption
1 the liver together with its associated portal viscera since we have no
means of measuring portal venous oxygen values 1n a living subject

Let us consider some of the simpler relationships first (Figure 39)
Plotung these three groups of individuals together gives 1n general an
exponential curve so that in all three groups the product of the flow
and the A V (artenovenous) oxygen difterence gives a constant splanch
nic oxygen consumption For example wn the individuals with heart
farlure, as flow goes considerably down, A V oxygen difference goes up
10 a fully compensatory fashton and the reverse situation ts true 10 the
anemic 1ndrviduals (1 2) In the persons with heart fadure there 1s
considerable splanchnic vasoconstriction, stnce arterial blood pressure
was not significantly changed mn this group

A companson of these date with Figure 40 which shows the more
common data contrasting carduc output with mixed A V oxygen dif
ference gives the same sort of curve but with a little mose consistency

Figure 41 shows that a very simular situation also occurs when dogs
are bled (3) There 1s the same sort of curve as before However i

121
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FIGURE 39 Hepatic blood flow and arterial-hepatic venous oxygen difference 1n
normal control human subjects (open circles), in patients with congestive heart
failure (closed circles), and 1n patients with severe anemia, 1 e, less than 7 gm
of hemoglobin (triangles)

this figure the association between the individual open dots and the
corresponding closed dots 1s not clear, but Table IV provides the mean
data for this group of thirteen dogs It 1s evident that the flow decreased
very strikingly and significantly, and the A-V oxygen difference rose in 2
fully compensatory fashion, so that the splanchnic oxygen consumption
was maintained at exactly the same level before and after hemorrhage

Shors How much of a hemorrhage was there?

Myers This was a hemorrhage that was fairly sizable, 1 e, from 32
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Ficure 40 Cardusc index and muixed A V oxygen duference 1 normal control

subjects (open curcles) 1n patients with congestive heart failure (closed aircles)
and in patients with severe anemu (triangles)

to 65 per cent of the estimated blood volume It usually brought the
mean astenal blood pressure down to levels of 60 or 70 mm Hg dur

ing the period of measurement and then there was some restoration
with tme

Shorr To about what level?

Myers In general to about 70 to 90 mm H,

ui These results are very
sunilar to those found by Sherlock 1n human subjects who have fainted

here agan there was a marked drop in flow and a compensatory 1
crease n A 'V oxygen difference These then, are the fairly sunple cir
cumstances 1n which the system compensates for a decrease tn flow
Figure 42 shows what happens with a mote severe hemorrhage, again
inadog The ammal 1s bled into 4 Lamson bottle the arteral pressure
being stabilized at 40 mm Hg Here there 15 a marked fall 1n total oxy
gen consumptron (the solid line) and a very strhung decrease o splanch

nic oxygen consumptton This condition has gone beyond the compen
satory powers of the anumal s system
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FiGure 41 Hepatic blood flow contrasted with artcrial-hepatic venous oxygen

difference 1n dogs undergoing a single hemorrhage of from 32 to 65 per cent

of the estimated blood volume Reprinted, by permission, from Hamrick, L W,

Jr, and Myers, ] D The effect of hemorrhage on hepatic blood flow and

splanchnic oxygen consumption of the dog Cricul Res 3, 65 (1955)

The fact that the ratio between splanchnic and total oxygen consump-
tions 1s the same before and after hemorrhage 1s not to be taken with
any great sertousness That was more or less a coincidence 1n this par-
ticular experiment In most others, the ratio of splanchnic oxygen con-
sumption to the total was higher after the bleeding than 1t was before,
but this was not a consistent pattern

Cournand Have you studied shock in dogs which were already
anemic’

Myers No, we have not, but 1n some of these dogs we gave sizable
amounts of dextran, which of course diluted the hemoglobin and made
the animals anemic, and n those instances they did not recover well

from their state of shock
Coninand 1 asked the question because 1n studying human subjects
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TABLI 1Y

Mean Data on Hepatic Blood Flow and Splanchnie Osvgen Con
sumption i Dogs Before and After a Single Heworrhage of
from 32 to 65 Per Cent of the I <timated Blood Volume
{Series of 13 Dogs)

Control { Hemorrhage \g p Value

EHBF

Ml/mm/hg ! {7=18% 1 1811 <001

Hepatic AV O
Dxr?:rcncc

Volumes ¢, 16+0 1 1 11307 <001
i
1

\
\
Splanchnic O
Consumption

Ml/min/hg 19201 19£01 ‘ >0

L‘Sundnd Error

suffering from shoch the only time we have obsenved a very strthing
teduction 1n oxy gen consumption was on the occasion of a large gastro-
mtestinal hemorrhage which occurred in patients who were chronially
anemuc from repeated gastromntestinal bleeding In other words the
severe hemorrhage occurred 1n a subject with already considerable
hemodilution

Myers Of course if the subject becomes significantly anemic the AV
consumption cannot be increased enough to help In the dextran treat
ed dogs which were anemic there was no possibility of therr restoring
their oxygen consumption 1n this general area barring tremendous tn
creases 10 splanchnic flow

Bing 1 would like to point out the marhed difference between the
myocardium and the liver In the heart, the oxygen consumption varies
durectly with the coronary flow because the A V oxygen difference re
mains almost always constant and there s here quite a marked differ
ence n the behavior of the two organs

Bradley What happens to the A V difference when oxygen consump-
tion 1s extremely low?

Mpyers The AV difference 13 v
does not help very much Man
above 10 volumes per cent

ery high but the flow 1s 50 low that 1t
y of these A V oxygen differences got up
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FIGURE 42 Effect of sustained shock, by bleeding 2 dog into a Lamson bottle
set at 40 mm Hg, on total OXygen consumption and on splanchnic oxygen con-
sumption

Bradley What happens to the extraction of BSP?

Myers With moderate hemorrhage and reduced splanchnic flow, the
percentage extraction of BSP across the splanchnic circust 1s 1ncreased
Such dogs 1n general remove the same total amount of BSP per minute
but they accomplish thss at a considerably higher arterial concentration
of the dye (Table V) With more severe hemorrhage, total BSP re-
moval Jessens in spite of a rising arterial blood concentration

Met1zman How low does the hepatic venous oxygen go”’

Myers It goes to about the same level i1n the bleeding experiment as
1t does 1n severe heart failure 1n man The maximal figures we have seen
are 1n the neighborhood of 13 volumes per cent A-V difference 1n indi-
viduals or dogs which had normal hemoglobin concentrations and, there-
fore, arterial blood oxygen capacities of about 19 to 20 volumes per cent
So about two thirds of the oxygen was removed at the slowest flows, not
only 1n the dogs but 1n the individuals with most severe heast failure

Renngton Is there a critical level of venous oxygen content at which
the oxygen consumption first starts to fall ?

Myers 1 cannot answer that question because the circumstances in
which one gets this maximal extraction are difficult ones to attain  We
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TABLY V

Bromeulphalemn Excretion n Dogs Before and After o Single
Hemorrhage of from 32 1o 65 Per Cent of the Fstimated
Blood Volume {Series of 13 Dagg)

Hemorrhage p Value

Corrected
Infusion
(Remonal) Rate
Mg/min/Lg 00970 005* | 00940 005 >01
Arterial
Concentration
Mg S 160+018 2122023 <00l
Hepatic AV
Dufterence
Mg % 037+005 094=011 <001

*Standacd Ecror

tied to settle this 1ssue and could not get consistent enough data on
whether or not there was a cntical level Al I can say 1s that the maxi
mal differences are generally the ones I just mentioned

Merriman In my expeniments with hemorrhagic bypotension the
total oxygen consumption rematned normal 1f the mixed venous oxygen
saturation was greater than 20 per cent In several expersments the
muxed venous oxygen saturation was less than 20 per cent and the total
oxygen copsumption was reduced In a few animals the mixed venous

saturation was 5 per cent, and the total oxygen consumption was 40 per
cent of control

Thus reduced oxygen consumption may occur because certain organs
can only extract oxygen until the capillary or venous blood 13 let us say
20 per cent saturated If the flow to these areas 1s markedly reduced its
oxygen consumption will be Jess by the time the venous blood has
reached this level of saturation and beyond which no fusther oxygen
extraction can occur If at the same time the venous contrtbution from
vascular beds which can extract oxygen almost completely 1s propor
tionately greater the resultant over all datz will show a reduced total
oxygen consumption and a very low saturation of mixed venous blood
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FIGURE 42 Effect of sustained shock, by bleeding a dog into a Lamson bottle
set at 40 mm Hg, on total oxygen consumption and on splanchnic oxygen con-
sumption

Biradley What happens to the extraction of BSP?

Myers With moderate hemorrhage and reduced splanchnic flow, the
percentage extraction of BSP across the splanchnic circutt 1s increased
Such dogs 1n general remove the same total amount of BSP per minute
but they accomplish this at a considerably higher arterial concentration
of the dye (Table V) With more severe hemorrhage, total BSP re-
moval lessens in spite of a rising arterial blood concentration

Met1zman How low does the hepatic venous oxygen go?

Myers It goes to about the same level 1n the bleeding experiment as
it does 1n severe heart farlure 1n man The maximal figures we have seen
are 1n the neighborhood of 13 volumes per cent A-V difference 1n indt-
viduals or dogs which had normal hemoglobin concentrations and, there-
fore, arterial blood oxygen capacities of about 19 to 20 volumes per cent
So about two thirds of the oxygen was removed at the slowest flows, not
only in the dogs but n the individuals with most severe heart failure

Remmngton Is there a critical level of venous oxygen content at which
the oxygen consumption first starts to fall?

Myers 1 cannot answer that question because the circumstances in
which one gets this maximal extraction are difficult ones to attain We
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TABLT V1

Mean Frgure for Artcnovenour Oxvgen ifferonecs and for
Splanchmie Oxvgen Con winption an a Seewes of
11 s porthyrond Pationts

Arteral Arterial Splanch O Consump
Mixed Ven Hep Ven - -
O Diff o DI ml min As put of
sq m total O
Vols ¢ Vols ‘¢ consump
Controls 38 02 t3 01 LR B L N
Hyper
thyrordism 38402 63-03 st 2 2841

gnes a considerably 1ncreased splanchnic oxypen consumption 51 ml
min /sq M as contrasted to the normal tyure of 33 or 3 ml

Bradley You don t mean there 1s a vasaconstriction do you’ I think
you mean that blood flow 15 reduced relatine to flow elsewhere in the

AMyers Yes [ should have put 1t that way  Actually a good deal of
the rest of the circulation 1s wide open such as the muscle sk hidneys
and so forth

Barcroft Am I mght 1n saying that Dr kety found there was not
much increase 1 cerebral blood flow 2

Aety There was a slight increase in cerebral blood flow 1n one series
(5) But the strking thing 15 that cerebral oxygen consumption 1s not
mncreased (5 6)

Bmg There 1s no change mn oxygen consumption of the heart either
n hyperthyroidism

Shorr As 1 semembesr the older figutes of George Canby Robinson
showed a rather smaller arteriovenous difference and I have been quot
ing those for years Shall T have to revise my opiaion?

Ayers You mean muxed A V difference?

Shorr Yes

Myers From my expertence I would say yes  You see the correspon
demce with normal values here 1 think what happens 1s that the very
low AV difference that comes from places like skin and muscle bal
ances out the increase 10 A V difference from the liver and the normally

bigh AV differences from the heart and the brain and the result s 2
normal hgure
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Renngton Would the same value hold 1n antmals with anemia?

Merriman. 1 do not know None of my dogs had a significant degree
of anemia

Myers In some of the human patients with severe anemia, the oxygen
content of the hepatic venous blood would fall below one volume per
cent Almost all of the oxygen was extracted in these severe anemic
pattents

The situation 1n hyperthyrotdism 1s perhaps the most interesting one
(Table VI) Here the splanchnic system behaves quite differently (4)
The data presented were gathered from observations on fourteen indiv-
tduals with hyperthyroidism, with an average increase 1n metabolic rate
of about 50 as contrasted with control data The first column shows
the expected increase in cardiac index The line underneath the mean
figure indicates that the increase 1s significant to less than the one per
cent level

The second column shows that the hepatic blood flow, expressed as
mulliliters per minute per square meter of body surface, 1s not signifi-
cantly increased 1n this group of individuals with hyperthyrordism in
spite of the increase 1n cardiac output Again, with mean arterial pres-
sure not being significantly altered, this means that there 1s vasocon-
striction 1n the splanchnic area

Table VII shows that the mixed A-V oxygen difference in hyper-
thyrotdism 1s not changed but the hepatic A-V oxygen difference 1s very
significantly increased This 15 1n the face of a normal hepatic blood
flow, and the product of this increased difference and the normal flow

TABLE VI

Mean Figures for Cardiac Index and Hepatic Blood Flow
m a Series of 14 Hyperthyroid Patients

Cardiac Hepatic Blood Flow
Index
l/min/ ml/min/ As pct of
sq m sq m cardiac
output
Controls 39+02 81024 191
Hyper-
thyrotdism 52%02 880=%40 171
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Myers This sort of observation then led us to make some studies of
the effects of an increased metabolic load on this system and for this
purpose we gave mdniduals amino acids ntravenousty (Tigure 43)
Fortunately we had a well tolerated semusynthetic mixture of amuno
acaids which could be gnen mtravenously without reaction Figure 43
Wllustrates the sort of sttuation found sn a normal mdndual the hatched
rectangle indicating 50 grams of amuno acids 1n 5 per cent solutton grven
wtravenously The dark bars and squares show the hepatic blood flow,
which 15 scaled on the left hand side Thus individual had a normal hep-
atic blood flow to start with and on the administration of amino acid
there was no mcrease The hepatic A V oxygen differences are grven at
the top of Figure 43 this subject stacted with a reasonably normal figuee
and then more than doubled his A V oxygen difference so that the
splanchmic oxygen consumption the open columns with the scale on
the right hand side was considerably augmented Here 15 a situation
then which 1s something hike that in hyperthyroidism where one 1s do-
g more metabolic work as judged by oxygen consumption without
any increase 1n hepatic blood flow

Bing What happened to the amino acid usage by the Iner in those
patients?
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Cowrnand. What proportion of the total oxygen consumption increase
in hyperthyroirdism s accounted for by the increased oxygen uptake in
the blood?

Myess That will be shown to some degree 1n Table VIII, but first,
Table VII shows the splanchnic oxygen consumption expressed as a per
cent of the total, 28 wersus 23 per cent, and that proves to be a signifi-
cant increase, so that we have a greater percentage of the total oxygen
being used in the splanchnic area in the hyperthyroird patient

Table VIII shows that the hyperthyrotd group had an increase in total
oxygen consumption of 445 and an increase in splanchnic oxygen con-
sumption of +64, so the liver, with no increase 1n flow, 1s accomplish-
ing more work than usual and more work on the average than the rest
of the body, and it 1s doing this by an increased oxygen extraction
Here 15 a situation 1n which the splanchnic area does not balance out its
oxygen demands by an increase n flow

Baicioft There 1s a very large increase 1n muscle blood flow 1n hyper-
thyrotdism and I wonder 1f 1t 1s known 1f there 1s an increase 1n oxygen
consumption of muscle

Myers Dr Wilkins, didn’t you have some figures on oxygen dif-
ference?

Wilkins No, we had them only on blood flow

Myers 1f blood 1s taken from the arm of an individual with hyper-
thyroidism, from either a deep or a superfictal vein, the blood looks
quite red I presume this means a decreased A-V oxygen difference but
I have not actually measured 1t, so I think that this flow 1s probably as-
soctated with a low oxygen extraction there

Shoir As 1 pointed out, Robinson has measured 1t and found 1t re-
duced 1n a few cases

TABLE VIII

The Increase 1n Total and Splanchnic Metabolic Rates 1n
Hyperthyroidism (14 Patients) as Compared
to Normal Control Subjects

Metabolic Rates at Time of Study

Per cent increase above
control group

Total MR 45%+5
Splanchnic MR 64=7
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FIGURE 45 Same study #s depicted 1n Figure 43 but done on a patient wath
ortic stenosis and congestive heart failure

400 ml /min./sqm 2 high AV oxygen difference 92 volumes per
cent and 2 normal splanchnic oxygen consumption

With the administration of this dose of amimo aads a doubling of
the oxygen consumption temporarnily resulted Of course the patient
could not accomplish this well by an increase in oxygen extraction, hav
ing started with 2 base hine A V dufference of 92 and so 1n the tadivi
dual with heart fadlure an increase 1n hepatic blood flow supervened
Both the flow and the oxygen extraction were augmented to accomplish
the increase n oxygen consumption i the splanchntc area

Bradley Did the blood pressure fall?

Myers No

Bradley The cardiac output?

Myers 1do not know about cardiac output and that 15 an important
question, but this experiment was so complicated that in spite of several
attempts we were not able to obtain good data concomutantly on cardiac
output and splanchanic blood flow Thus whether cardiac output went
up or whether the same output was redistributed from other vascular
beds to the splanchanic area I really cannot say

Bing May I ask whether or not you did simular tests on dubetic 1n
drviduals?

Alyers No we have not done this with diabetic subjects
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Myers The amino acid usage goes up greatly and urea comes out, so
I think these amno acids are deaminated, which 1s an oxidative process
This 1s really a nonphysiologic technic of increasing oxygen consump-
tion to see how the system may adapt to these circumstances

Figure 44 shows what happens in a cirrhotic individual It 1s very
evident that this pattern s essentially the same as that of the normal per-
son Perhaps there 1s some slight lag in the oxidation of the amino acids,
as judged by the increase 1n oxygen consumption, but this 1s not striking
It has been a quite consistent finding that the cirrhotic liver carries out
this oxidative deamination of ammo acids quite well and agam with-
out any signtficant increase in flow

Shot1  Are these individuals decompensated?

Myers No, they were not strikingly decompensated TFor 1nstance,
none of them had ascites, but nevertheless they all had advanced cirr-
hosis

Figure 45 shows what happens when one performs this study on an
indrvidual with congestive heart failure The patient recetved only half
of the dose of amuno acids, as we did not want to give a cardiac patient
the 500 ml volume of fluid This figure shows the same pattern that
was shown earlier for heart failure—a low hepatic blood flow, about
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quite 3 httle because the splanchaic acea under these circumstances
takes up ammo acids only with moderate efficienc)

These, then are the patterns of response to amino acids which are
comparable 1 many ways to those found in thyrotoxicosts the system
ycreastag A V oxygen difference i all mstances unless flow should be
increased as 1n congestve fallure

Selkart Have you tried 1t in hemorthage? Because of the markedly
reduced flow follow ing hemorrhage one might expect the AV differ
ence to tncrease

Alyers Idouothnow Dr Selhurt We have not tried that however
we have made other observations that would have to do with the adap
tation of the splanchnuc system and these are to be shown n Table X
Figure 46 shows the pattern of these observations The hepatic bload
flow on the left 1s divtded into high normal and low and across the
top 15 shown the per cent oxygen removed from the blood circulating
through the splanchnic area—a low normal and high percentage re
moval The cross hatched squares indicate situations o which splanchnic
oxygen consumption 1s mamntaned within the normal range The three
squares m the upper nght hand corner indicate crease 1n oxygen con
sumption and those 1n the lower left decrease

With the above in mind we can see what happens in the various cir
cumstances that we know about (Table X) ~An increased plasma
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Bing With the deficiency 1n protein synthests 1n diabetes, you might
obtain a different response of the liver to increased ammo acid blood
levels

Myer s+ Table IX shows what happens in the very severely anemic
person As in the normal, the hepatic flow did not change significantly
The A-V oxygen difference did not go up very much, again because most
of the oxygen was already being extracted from the blood before the
amino acids were given and, accordingly, there was no really significant
increase 1n splanchnic oxygen consumption under the influence of these
amino actds How long this small rise may have gone on, that is, wheth-
er the anemic individual eventually accomplished anything like the
normal amount of hepatic oxidative deamination of the infused ammo
acids, I do not know These experiments did not go beyond one hour

Nickerson Was the rate of removal of amino acids from the blood
stream comparable in the normal and in the anemic mndividuals?

Myess No, 1t was considerably reduced 1n the anemic subjects

Nickerson The amino acids persisted 1n the blood stream 1n the ane-
mic patients’ .

Myess Not particularly, but the hepatic A-V difference of amino
acids which we measured was much smaller than that 1n the normal
indrvidual

Moe And presumably they spilled more i the urine?

Mpyers 1 think they probably did, although the others also spilled

TABLE IX

The Response of the Hepatic Blood Flow, Hepatic A-V Oxygen
Difference, and Splanchnic Oxygen Consumption in 3 Patients
with Severe Anemia (Less Than 7 g of Hemoglobin) to
the Intravenous Administration of Ammo Acids

9 3
NORMAL ANEMIC

Hepatic
Blood Flow —5% —5%
Hepatic A-V
Oxygen Diff +58% +17%
Splanchnic
gxygen Consump +51% +13%,
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heeping with the moderate mcrease (n total oxygen copsumption tm the
anemic state

The same thing 1s true of polycythemia where the per cent of oxygen
removal 1s low because of a sery ugh hematocrit but the oxygen con
sumption 1s withia the normal range

Glucose gn es the opposite result from amino acids not affecting flow
significantly but decreasing A V oxygen difference so that splanchnic
oxygen consumption actually goes down Thus requires a considerable
amount of glucose 300 ml of 10 per cent Whether this high carbo-
hydrate supply temporanly stops the normal oxidation of amino acids 1
do not know but that would be one possibility

On the nght hand column of Table X are listed hyperthy roidism
amno acids and leuhemma in which flow 15 normal but the A V oxygen
difference 1s high These are of course cases of leuhemia without
marked anemia It might be of interest that about two thirds of the
increase 1n total oxygen consumption that one finds 1n indniduals with
such diseases as chronic myelogenous leut emia can be accounted for m
the splanchaic area

Stead s this related to the sze of the spleen?

Myers These were indrviduals with chronic leukemua and big spleens
and Livers

In the lower nght hand corner of Table X are the sttuations where
flow 15 low and AV extraction 1s high so as to give normal oxygen con
sumption There are question marks before hepatitts and obstructive
jaundice because we have no flow measurements 1n indrviduals suffering
from such diseases since there 1s not a satisfactory technic for this But
as this chart would (ndicate the A V oxygen difference 1n both circum
stances 1s considerably increased  This would mean either that the
oxygen consumption was normal if the flow was low or the oxygen
consumptton (n the splanchnic area was increased if the flow was etther
normal or bigh It 18 & matter of pure conjecture as to which may be the
case I have chosen to believe that the flow 1s probably low and that the
AV oxpgen difference up compensatorily In severe hepatitis
where there 15 considerable hepatic necrosis as judged by the clinical
course, liver biopsy and so forth the A V oxygen difference s normal
and sometimes quite low That corresponds with the fact that such
badly damaged livers are not able to use much oxygen at all but it
should be emphasized that these are individuals with very severe hepa
tatrs and usually with quite a poor prognosts

These then, are the relationshups that I would draw between flow and
oxygen removal and oxygen consumption it 1s evident that there are
many different patterns We must recall as I powted out to begi with
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volume as tnduced by human serum albumin or dextran, for example,
sometimes gives an increase in flow with a low A-V oxygen difference
We might also put in the upper left-hand square the observations Dr
Wilkins made post-sympathectomy, where the same pattern was seen

Pyrogen, even 1n subfebrile doses, will give an increase 1n flow with
at least a nomal oxygen extraction and, therefore, an increase 1n oxygen
consumption, and epinephrine generally does the same thing

In Table X, “anemia” 1s 1n parentheses The percentage of oxygen
removed from this blood 1s high, and the actual absolute A-V difference
1s low, the parentheses are there to draw attention to that fact In the
anemic individual the A-V oxygen difference and the flow go in oppo-
site directions, as I indicated previously, but the splanchnic oxygen con-
sumption 1s actually moderately increased above the normal range, 1n

TABLE X

Various Conditions Classified According to the
Schema of Figure 46

Per Cent Oxygen Removed From Blood
Hepatic
Blood Low Normal High
Flow ‘hypoxemia”
Increased Pyrogen
High plasma volume - | Epinephrine (Anemia)
variable
(Erythremia) Normal Hyperthyrotdism
Glucose infusion | Portal cirrhosis | Leukemia
Normal Diabetes mellitus| Amino - acids
Hypertension
Pregnancy
Myxedema Cardiac failure
Portal cirrhosis |Portal cirrhosis
’Hepatitis
Low ?Obstr jaundice
Orthostasis
Exercise
Anesthesia J
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FIGURE 47 Roentgenogram of & venous catheter wedged in a small hepatic vein
of the nght lobe of 1 normal human biver

cter so placed Some of these data are conjectural some of them are
real and some of them are real but from more than one source 1 would
begin by pointing out the pressure in the hepatic vein the free hepatic
venous pressure shown next to the catheter 1s a low one 1n our exper
tence about 3 mm. Hg  The pressure that builds up 1n the obstructed
segment in normal individuals on the average has gccn 5 mm Hg
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that we really do not know anything about the portal venous oxygen
content 1n any of these circumstances, except in the case of the cirrhotic
patients, and that the question of how much of the splanchnic oxygen
consumption 1s used 1n the portal viscera and not in the liver remains a
problem

Moe Do you have any way of knowing whether or not the hepatic
artery and portal vern both participate 1n the increased hepatic blood
flow caused by epinephrine? The blanching of the intestine which 1s
so charactersstic 1n the experimental animal, implies a diminution of
mesenteric and portal blood flow Dr Green, when you 1nject epne-
phrine intravenously in the dog doesn’t the blood flow 1n the mesenteric
vessels decrease?

G1reen Epinephrine injected into the mesenteric artery of dogs will
decrease flow 1n the mesentery just as i1t does in the skin and muscle
There 1s a reversal of the epinephrine effects 1n the gut with adrenergic
blockade just as there 1s 1n skin and muscle

Moe But lesser 1n degree

Green A little lesser 1n degree but 1t 1s still very important

Moe 1 hope you will also study the blood flow responses of the vis-
ceral circulation to intravenous epinephrine

Gireen Possibly the dog’s gut 1s different from man’s gut just as the
dog’s skin and muscle are different from man’s

Myers 1 believe there are some animal studies which would suggest
that the hepatic arterial flow 1s increased by epinephrine (7, 8, 9) But
from human studies one couldn’t draw any conclusion at all

Stead Dr Wilkins, did you make any epinephrine studies on sym-
pathectomized people

Wilkins No I didn’t

Myers In human subjects, the cardiac output 1s mncreased consider-
ably by epinephrine, which 1s another factor that must be taken into ac-
count

In the lower right-hand corner of Table X one should add, of course,
hemorrhage and fainting, which are not there

FLOW AND PRESSURE RLELATIONSHIPS

The second phase or facet of the problem has to do with some pres-
sure relationships in the liver and the splanchnic area Figure 47 1s a
roentgenogram, which shows a catheter wedged nto a small hepatic
vein for the estimation of the pressure which builds up 1n the occluded
vein This catheter 1s placed 1n much the same way as catheters are
wedged for estimation of the so-called pulmonary capillary pressurc
Figure 48 15 a schema of the normal splanchnic circulation with a cath-
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that the pressure here 1s about the same s 1t would be m other parts
of the body

Conrnand Can you ascertain the direction that your catheter tahes 1n
relation to the reference point/ You could have marked varation of
the position anteriorly or posteriorly

Mjers Yes one does have quite 2 marhed {aration but it varies con
siderably from one person to another and 1 think that may have & small
effect on the gradient betw een the obstructed segment and the free hep
atic vein however 1n a series 1 do not think this will be too disturbing
a factor

Brmg What 1s the nght atnal pressure?

Myers The nght atnial pressures were the usual pressures which
vanied from a few milhimeters negatine to a fen millimeters positne
but there was a smal! positive gradient of a few millimeters of mercury
from the hepatic vein to the nght atnum

We might comment a bit on this hgure of 5 mm Hy, i the obstruct
ed segment [ use the term obstructed  perhaps not correctly 1o that of
blood 15 withdrawn from the small area with a catheter irmly wedged
10, thete 15 no evidence of stagnation of blood and in that the oxygen
content of this blood 1s the same as the oxygen content of free hepatic
venous blood and the glucose content of this blood 1s lihewise the same

Redder blood or blood with less sugar can be obtained by sucking a
little harder but that 15 an artifact

In making injection studies of livers and studying areas where the
catheter 1s wedged which 1s away out peripherally as the roentgeno-
gram (T1gure 47) shows 1t1s found 1n general that one 1s dealing, with
what one mught call an end vein 1n that there are no large anastomoses
that run from one vein of the size we would occlude to nerghboring,
vemns of the same caliber

Nearer the Jarge hepatic veins or the vena cava there are many large
venous intercommunications but out along the peniphery of the liver
we were completely unable to demonstrate any veno-veno shunts so
to speak however there may be some small ones that the injection tech
nic (we used Liebow s technic (10) ) dud not demonstrate

We would think this low pressure in the occluded segment would
depend upon a faurly free sinusoidal anastomosis with the neighboring
segments of the liver and the low pressure would indicate that the he
patwc crrculation normally 1s a very low resistance one  Perfusion studies
would bear this out  Under quite low pressures fluid can be perfused
very easily from portal vetn to hepatic vern or for that matter the fluid
can be reversed from the hepatic vern to the portal vetn Hepatic arteral
perfusion 1s & much more difficult matter of course 1 think the figure
of 5 mm Hg then 15 dependent on 2 low resistance in the venous and
sinusordal system with fasrly rich small vessel anastomoses
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FGURE 48 Schema of the normal hepatic circulation

Wilkins These measurements all refer to the same level of atmos-
pheric pressure’

Myers They all refer to the same level of atmospheric pressure

Bradley What was the reference plane?

Myers The usual reference plane

Biadley Not the tip of the catheter itself?

AMyeis No, not the tip of the catheter, the estimated middle of the
right atrium, 1e, 10 cm anteriorly from the posterior thorax

The pressure of 13 mm Hg 1s the average figure obtained from
the literature where surgeons have estimated portal venous pressurc 1
emphasize that this 1s a surgical estimation and may or may not be rep-
resentative of the true phystological portal vcnous pressurc in man
which, so far as I know, has never been really accurately estimated

The figure of 30 mm Hg for the hepatic arteriole 1s an assumption
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FiGURE 49 Hepatic sipusordal  pressures 1 cats compared with directly and

sumultancously measured portal venous pressures, before and after administea
tron of epinephrine into the portal ven.

anesthesta then the catheter was brought out through an established
wound 1n the abdomen and the anunal was allowed to recover The
portal venous pressure was measured with the abdomen open and fig

ures were obtamned sunular to those that the surgeons give for the portal
venous pressure n man But after the ammal had recovered and the
effects of anesthesia had worn off the portal venous pressures fell down
to less than 10 mm. Hg that 1s to the same general range that we are
secording for our smusoidal pressures in the cat or for that matter

mnman So I would ratse the question as to whether portal venous pres-
sure in intact man 1s not really a faurly low value much lower than any
of the surgical estimates would have us think and that the sinusoidal

pressure o1 wedge pressure 15 a reasonably good index as to what this
portal venous pressure actually 15
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Burton Do you think the smusoids can be permeable to water and
clectrolytes” I was wondering how you could have osmotic equilibrium
if they were at a pressurc of 5 mm Hg They probably, then, are not
permeable to water and electrolytes
Bradley As a matter of fact, they arc very permeable, indeed

Buiton How do you obtain osmotic cquilibrium with a capillary sys-
tem—

Bradley Because they arc also permeable to protein Hepatic lymph,
for example, has essentially the samc protein concentration as the blood
plasma

Myers 1 do not think we should be concerned about this gradient of

13 mm Hg 1n the portal vein to the S mm Hg in the occluded hepatic
vein without more careful inspection of the data

[igure 49 shows some results obtamned from experiments on cats
These animals were used because they were convenient and also because
there are some older studies that indicate that the cat’s liver, so far as
the circulatory setup 1s concerned, 1s not too unlike the human liver
Here we are contrasting the pressure in the occluded hepatic vein, the
wedge pressure, or the “'sinusoidal” pressure, with the directly measured
portal venous pressures in anesthetized cats with the abdomen open
The heavy line 1s the line of perfect agreement You wil] see that there
1s actually quite good agreement between the directly measured portal
venous pressure and the ‘sinusordal " pressure This s true both before
and after epinephrine was put into the portal vein to raise portal venous
pressure Actually, most of the sinusoidal pressures are slightly higher
than the portal venous ones, although not significantly so statistically
This could be caused by the fact that in one case, the wedge pressure
or ‘sinusoidal” pressure, the recording system pointed agamst blood
flow and 1n the other case, the portal venous pressure, 1t pointed with
blood flow, so that so-called end pressure would be added onto “'stnus-
oidal” pressure but subtracted from venous pressure measurements

The important thing 1s, though, that there 1s quite good agreement
in the cat between the two pressures and this would make us think that
the “sinusoidal” pressure 1s quite representatrve of the portal venous
pressure and that, actually, there must be a fairly small gradient be-
tween the portal vein and the free hepatic vetn Dr Fine and some of
his colleagues (11) found much the same situation 1n dogs a few years
ago

Recently, Dr Maurice Visscher* described to us some experiments
on dogs 1 which small catheters were put into the portal vein under

*Personal communication
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where fibrotic changes occur do the openings in the sublobular veins
have adequate smooth muscle to account for the epinephrine cffect
M Kussely 1would hike to say a word or two on the hepatic outlet
\alve mechamisms of the Iner  Miss Fann Harding 10 our laboratory
has been studying the outlet sphincter mechansms * In brief  blood
returns to the nght heart by three major pathways the superior vena
cava the inferior vena cava and the hepatic veins There are flap valves
1n the first two permutting forward blood flow only The hepatic out
let valees are sphincters the only sphincters which can restrict or stop
blood flow toward heart
Krogh et al (13 14 15) demonstrated that the buw in liver and the
portal ven bed could store and release blood and thereby limit and con
trol the rate of the filling of the heart and the cardiac output The pool
ing of blood 1n the Iner and the portal vein causes one type of crcu
latory shodk
The three hknown types of hepatic outlet valves are (4) 1n dogs hep-
atic veins contract (16 17) (&) n several species a cluster of hepatic
stnusotds join together draning to a central ven through a single sphin
cter (18) and () 1n frogs and rhesus monkeys each stnusoid or small
group of sinusoids drains through a single outlet sphincter into a cen
tral venule (19) Single sinusotd outlet sphincters and Deysach s small
sluce channels have now been seen in the living livers of frogs rhesus
monkeys mice rats cats hamsters gumea pigs rabbits and dogs
‘Warner (20) reported (1n guinea pigs) structures resembling myofibrils
within the cytoplasm of cells like smooth muscle cells surrounding sinus
oid efferent ends In frogs the contractile tissue fluoresces differently
from parenchyma
Dr Fine you have made discovenies along this line  As [ don't know
the literature from your laboratory I wonder 1f you would tell us a Little
about your work
Fine We did not observe any localized sphincter action in the liver
but an over all vasoconstrictor effect
M Knisely Of the whole venous system?
Fine The entire venous system
Bradley These catheters should be well beyond any such throttle
system Isnt that night, Dr Ruchards? Where were the throttles 1n
your experiments
Richards They were quite near the outlet Actually the effect of
cpinephrine was not very strongly apparent except as a reversal of the
effect of histamine When histamine was given, then the sluce clos-

These studies were ided by U S Publxc Health Service Gerat H 1683(C)
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Selkuit 1f the output of the sinusoids 1s blocked by wedging, there
may be a tendency to build up pressure because of the contribution of
the hepatic artery  This may contribute to an elevation of portal pres-
sute What role do you think the hepatic artery plays in this?

Myers Naturally, we thought about this Since the hepatic artery
pours into a low-resistance system, I would think that, in the nomal liver
whete there 1s no wedging, the hepatic artery has about as much effect
on the pressure 1n the sinusoid as does a patent ductus aiterrosns when
it empties mto the pulmonary arterial system The resistance to out-
flow 1s so low that the pouring in of hepatic arterial blood under an
artertolar pressure of 25 to 30 mm Hg has hardly any effect on the
sinusotdal pressure

When one wedges, 1 think that what happens s that the pressure
1ses to a level which 1s dependent in good part on how rich the small
vessel anastomoses are to neighboring areas One 1s still dealing with
a low-resistance system except that by blocking the vemn of a compart-
ment, 1t so works out that the pressure that 1s built up in the occluded
system rises fairly closely to that in the portal venous afferent, the arter-
1al pressure 1s still dissipated, so to speak, n the low resistance system

I think we are dealing 1n our system with a great many sinusoids
and I think we have some of them at one stage of opening or closing
and some at another and they pretty well balance each other out, so that
by random selection we end up with a mean situation which provides
this sort of measurement

Nickeison 1 am not quite sure how to interpret this effect of epine-
phrine In general, the correlation between wedge pressure and portal
venous pressure 1s not as good after the epinephrine, and the wedge
pressure tends to be a bit higher Is this a local injection?

Myers No, the epinephrine was given into the portal vemn

Nickeison The action of epinephrine would seem to be on the large
veins beyond the point at which the wedge pressures are measured, but
I am not sure just where this would be

Myers The same thing has puzzled us

Moe Doesn’t the cat have hepatic vein sphincters?

Mpyers That 1s the dog

Nickerson 1f this were a dog, 1t would be easter to explain Have
you any defintte thoughts as to where the epinephrine 1s acting?

Myers No, I have not except to point out that there 1s evtdence, go-
tng back to Burton-Opitz (12) 1n 1912, that epinephrine admunistered
into the portal vein causes constriction of small intrahepatic blood

vessels
Nickeison From a functional standpoint, as distinct from cirrhosis
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drugs does not apparently reside simply 1n a general blunting of vaso-
constrictor reactions during shock Evidence for this thesis was obtain
ed when shock expenments were carned out 1n sats petreated with
dibenzyline Rats were prepared for study according to the Engel tech
nic (23) whereby the intestinal viscera were removed leaving the hep-
atic artery 1ntact as the sole supply of blood to the Iner  In such eviscer
ate preparations dibenzyline was found to be effective 1n preventing the
lethal outcome of a standardized hemorrhage procedure When 1 add:
tion, the Iner was excluded from the circulation dibenzyline no longer
had a protectne action Other agents such as chlorpromazine did
however protect against circulatory collapse even in the absence of the
lver  The protective action of dibenzyline would therefore appear to
reside 1n some circulatory or metabolic change 1n the Iner proper
Whether the drug acts on the sluice mechanism of the hepatic vens
1s difficult to ascertain

Fine We do not believe that the vasoconstriction i the Iner in
hemorrhagic shock 15 substantially influenced by any adrenergsc block
ing agent

Bradley In hemorrhage 1n dogs (24) we found hittle evidence of
vasoconstriction 1n the Iner  The blood flow seems to fall i relation
to the fall in blood pressure

Fine We visualized the circulation 1n the liver with roentgenograms
made after 1 1550 myjection of an opaque medium into the portal ven
before and during shock (25 26 27 28) There 1s a rough inverse
correlation between the diameter of the vessels and the portal pressure

Bradley Do you think the diameter you are able to measure in thus
way 1s the diameter that 1s relevant to the question of resistance to flow
through the liver?

Fine The fact that there was a decreased diameter—

Bradley We have evidence you see that the blood volume 1a the
liver Er(ciatly decreases which means that the volume of blood 1n the
vessels decreases  As a consequence one mught e the visible ves
sels to dimtnish 1n size but this does not memgx nccc;swmlv that the resis-
tance to flow through the vessels 1s greatly increased  As a matter of
fact the major resistance must reside at the arteriolar and venular level

Green In the dog epinephrine arterenol and splanchnic stimula
tions are all quite equally effective in reducing the blood flow n the
mesenteric artery and in causing a shight fise in the portsl pressure The
resistances calculated from the aorta to the portarovcm and from the
portal vein to the vena cava rise approximately equally 1n both those
arauts (29 30) When gradually increasing doses of the adrenergic
blocking drugs are grven the response of epinephrine 15 converted to
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ed down abruptly and the liver swelled up to great size, at that time
the “sluice” could be opened again by more epinephrine  This action
occurred only 1n dogs and was demonstrated by actually grossly cutting
out the hepatic vein area quite close to the hepatic vein ortfices, follow-
ing which the "sluice-effect,” or “throttle-effect,” disappeared, so that
it appears to be a rather large-vein affarr This was as far as the expert-
ments went, then on cats and goats the same thing was tried and nothing
happened at all, no such mechanism was found (16)

M Kinusely: As 1 said, Miss Harding, in our laboratory, has found
specific contractile outlet sphincters at the outlet end of individual sin-
usords 1n the living livers of frogs, rhesus monkeys, mice, rats, cats,
hamsters, gumnea pigs, rabbits, and dogs We know what kind of struc-
tures to look for but now we must look n each species of animal to
see which kinds of sphincters are present in each, and we must study the
physiology and pathologic physiology of each species to see what re-
actsons of each kind of contractile mechanism occur during each kind
of condition

Nickeison Dr Knisely, do you know 1f these small sphincters on the
stnusords respond to epmephrine n the same way as the hepatic
sphincter 1n the dog?

M Kmsely Dr Edward Bloch (21) published an abstract of work
he was doing on the responses of the outlet sphincters to epinephrine
and acetylcholine The work, however, was interrupted by the war It
1s obvious to one who reads his abstract (21), that the whole subject
of the pharmacological responses of the three different types of hepatic
outlet sphincter control mechanisms 1s now open for careful investiga-
tion

Lampoirt Is the difference 1n correlation coefficients definitely signifi-
cant”’

Mpyers No, 1t 1s not

Wood Dr Donald Balfour and his group (22) in California have
been interested 1n the measurement of hepatic wedge pressure and n
the study and diagnosis of portal hypertension and the effect of porta-
caval shunts, he has reported to me that there 1s a very good correlation
between hepatic wedge pressure in pattents with portal hypertension
and the pressure that 1s recorded at the time of operation for portacaval
shunts

Myers I am coming to this 1n a few minutes

Shors 1 was wondering what the effect of adrenergic blocking agents
1n shock might be with respect to resistance to blood flow through the

liv
“%rwezfacb The mechanism of protection by adrenergic blocking
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The latter had esther a normal or an above normal hemoglobin content
We were careful to rule out myoglobin in these determinations

Burton May I ash 1f anyone has yet measured whether or not the
liner 15 actually anoxic in shock ¢ 1 have sat in these conferences for 2 or
3 years and noted that a whole scientific empire seemed to be built up
on the theory that trreversible shock was 1n some way connected with
ischemua and anoxia of the fnver and T always wondered whether or not
there was evidence that the Iner was actually ischemic and anoxic now
Dr Bradley does not seem to think 1t 1s

Bradley 1didnt say it wasnt

Shorr Dr Myers has just shown that 1t ts

Burton Other people think that they have shown 1t but 1t scems to be
a matter of debate If 1t 1s still debatable it ts a most unsteady founda
tion on which to build all this planning of research nto what mught
happen 1 the liver 1f 1t was very anoxic

T'am wondening if Dr Montgomery s polarograph wil not be a very
great help Do you think Dr Montgomery you could measure oxygen
tenston (n the fiver with the polanigraph duning shock ?

Montgomery 1t has been done 1n a preliminary way by Charles Wol
ferth, Jr and Dr Andrew Boyd Jr (32) under Dr William Titts spon
sorship (Table X1) They put such electrodes 1n the liver and produced
acute hemorrhagic shock meaning a2 70 mm Hg blood pressure and
found that the oxygen tension of the liver was mamtamned whereas
that of the shin and muscle both fell They made simultaneous measure

TABLE XI

Average Oxygen Tension
(Expressed 1 Galvanometer Units, Measured Polarigraphically )

Liver | Muscle | Skin

Intact Hepatic Carculation (10 dogs)
Before lowening B P 50 57 74

70 mm Hg for 1 hour or more 55 35 51

Chronic Ligation of Hepatic
and Gastroduodenal arteries (5 dogs)
Before lowering B P 48 55 71

70 mm Hg for 1 hour or more 50 34 53

Adapted {rom data of Dr Charles Wolferth, Jr and Dr Andrew Bogd, Jr
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one of dilation but the constrictor response to arterenol 1s gradually re-
duced, 1f high enough doses are gtven, both the constrictor and dilator
responses are abolished

Biadley 1 am not questioning the capacity of the liver to undergo
vasoconstriction that can increase the resistance to blood flow through
it, I am simply rassing the possibility that there may not be an increased
reststance to flow during shock at a ttme when there 1s a decreased capa-
city of the total vascular bed of the liver to hold blood

Fine: As shown in some of our earlier data (25) on blockage in
the liver, when we transfused the animal to restore blood volume but
had no success 1n restoring the circulation, we kept on transfusing to
see whether a plethora would somehow or other restore the circulation
This achieved nothing except a hemoperitoneum The belly actually
swelled so that we could withdraw liters of blood from the peritoneal
cavity That was the only place where the infused blood seemed to
collect Of course we ruled out rupture of vessels as an explanation of
the hemoperttoneum This 1s indirect evidence, it seems to me, of
blockade 1n the liver

Shorr Doesn't one of the differences lie 1n the degree of shock which
you were producing?

Biadley It may be

Fine May I add one more pomnt? When we did this procedure on
dogs that had an Eck’s fistula and were 1n shock, we avoided the hemo-
peritoneum as well as hemorrhage into the intestine

Richards Didn’t you also demonstrate a dilated portal vem at the
same time that the rest of the liver was small?

Fine Yes, that 1s to say the vasoconstriction involved the entire intra-
hepatic vascular bed, but the segment of portal vein outside the liver,
1e, between the liver and the gut was distinctly dilated, indicating a
passive distension of the portal vein

Myers 1 think the discrepancy s probably due to the degree of shock,
because our findings were the same as Dr Bradley’s, there was no 1n-
crease 1n resistance to flow Also, I think perhaps Dr Fine studied more
severe degrees of shock than we observed from these single hemorrhages

Biadley We had hoped we would find, in the animals that were ap-
parently dymng 1n trreversible shock, some evidence of pooling of blood
in the splanchnic bed This we failed to find, perhaps because we failed
to overload with transfusions to the proper extent

Fme 1 mught refer to some of our early studies (31), on the hemo-

lobin content of different tissues in animals dead of hemorrhagic
shock All tissues (and this may bear on Dr Montgomery's question,
too), except liver, kidney, spleen, and lung were virtually 1schemic
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the hepatic vein blood by means of which the mean capillary pressure
of oxygen 1n the liver can be calculated  Otherwise we are never sure
whether there 15 anoxia or not  Ischemia and anoxia are not identrcal
terms
Ayers Although these very hugh hepatic A V oxygen differences and
the reduction 1n splanchnic oxygen consumption are not proof that the
oxygen tension 1s low I think 1t 1s very difficult to reason otherwise and
then when this 15 combined with the fact that not infrequently under
arcumstances of shock just as in other anovic states central lobular
necrosts 1s observed 1t 1s hard to avoid the conclusion that the liver 1n
shock 15 anoxic
Selkwrt Some estimates of Inver blood flow in hemorrhage and shock
have been made based on the BSP method  Although reductions in flow
have been observed  this method might be thought of as revealing, min:
mal flow changes under arcumstances of hepatic anoxta  Based upon
some expertments we have done 1n which we studied the effect of com
plete hepatic 1schemia on subsequent dye remosal it was observed that
the A V dye difference and the extraction ratio were reduced following
wschermua. In the face of other evidence of reduced blood flow this
would yield erroneously high calculated hepatic blood flow In truth
the blood flow might be much less than the BSP method would show
which would again emphasize the fact that dunng shock reduction 1n
blood flow must be quite great in the liver
] Bradley The blood pressure falls to the same extent as the blood
ow
Selkurt That would be a minimum change
Burton Dr Montgomery has told us the direct measurement did not
seem to show that the oxygen tension i the liver fell
Montgomery 1 think there are probably several degrees of shock if
not several kinds of shock and that was the finding by these mnvestiga
tors in their bled dogs but [ do not think 1t necessarily follows that the
lrvers of Dr Fine's dogs had normal oxygen tension
Zuerfach The ammals to which you refer were kept at a blood pres-
sure of 70 mm. Hg whereas those of Dr Fine were maintamned at 35
mm Hg
Shorr Tt 15 borne out by the BSP data that at 70 mm Hg the blood

flow does return to normal It 1s below that level that 1t 1s significantly
reduced

Selkurt What were
them?

Bradley Usually below 30 mm Hg and th held thi
pemeL o ety 'y ey were he ere by re

your pressure levels and how long did you hold
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ments of blood flow through muscle, and they stated that the decreased
oxygen tension could be accounted for by vasoconstriction and decreas-
ed blood flow Perhaps none of the measurements were tn anmals n
“1rreversible” shock

Fine There are additional data, Dr Burton First of all, the oxygen
content of portal vein blood has been measured * It varies between
1 and 5 volumes per cent in a well established case of severe hemor-
rhagic shock That should give some index of the oxygen supply reach-
ing the liver The hepatic vein blood 1s also very low in oxygen content

Buiton 1 still think that someone should measure the oxygen tension
directly, because 1t seems to me this 1s a very important pomnt and there
obviously 1s constderable debate on 1t I am quite neutral 1n the matter,
but I doubt if we have a very firm foundation on which to build our
theories

M Knisely 1would not know what a definttion of anoxia of the liver
would be However, we have seen areas of the liver 1n which there 1s
no blood at all, and none comes 1n

Buiton Under what circumstances?

M Knsely The animal 1s given a small hemorrhagic shock, follow-
ing which this sequence of events 1s observed The hepatic artery and
the portal vein contract until they are tightly shut, neither has any
lumen The inlet sphincters of the sinusord shut off and then the stnus-
o1d goes through a persstaltic contraction, pushes all the contained blood
out to the central vein, and the outlet sphincter shuts off

I do not know where you want to measure the concentration of oxygen
1n blood 1n order to determine there 1s no blood 1n the liver in that area
but such things do happen

Burton This does not agree with the clinical observations made 1n
Korea on the state of the liver in patients who have died of shock, does
it?

M Knusely 1do not know about the observations made 1n Korea, but
I believe there are at least six different mechanisms of shock, any one of
which 1s capable of causing death

Bradley Don’t you think Dr Myers’ data show there 1s a considerable
degree of anoxia?

Bing Much of the difficulty seems to arise from the use of the terms
“anoxta” and “ischema” (33) They are not synonymous and the dif-
ficulty arises from the statement that if there 1s a decrease in oxygen
consumptton of any organ that this organ must be anoxic That 1s not
s0, and the only sign of anoxia we have here 1s the oxygen tenston of

#Seligman, A M, Frank, H, and Fine, ]  Unpublished observations on oxygen content of
portal ven blood
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controls rose to an average of 37 mg per cent  Lventually circulation
1n the terminal vascular bed deteriorated VDM (fernitin) was found m
the blood and these control dogs became unresponsive to transfuston
of the shed blood In contrast to this picture tn dogs with arterialized
liver and with comparable degree and duration of hypotension the unic
acid values i plasma rose no higher than an average of 24 mg per
cent So if the plasma uric acid values reflect the state of oxidative
metabolism of the liver then in the control dogs the liser must have
been 1f not anoxic at least quite hypoxic  Also these obsersations indt
cate that the failure of plasma uric acid to rse to the same heght n
the dogs with artenialized lner must have been caused by the continua
tion of more effectn e oxidative processes 1n the lner as a result of the
improved arculation brought about by the operation T might add that
in the dogs with the arterralized Iner the circulation 1n the terminal
vascular bed remamed relatnely good and the large accumulation of
VDM (ferntin) 1n the plasma which we ascribe to an hypoxic liver
did not appear The dogs recovered following transfusion

Selkurt There 15 one other consideration In hemorrhagic shock
portal pressure 1s elevated 1t may begin to rise during the hypotensne
phases of hemorrhage and it 1s markedly elevated upon transfusion
of blood following a period of hypotension Contributing to this nise
mught be an increase resistance to flow through the hepatic channels
Whether this 1s due to vasoconstriction or some other mechanism can
not be said

Shorr Or increased intraheptic pressure whatever the mechanism
1s

Selkurt Whatever the mechanism 1t 1s hard to say exactly what
causes it but there exists this evidence of increased hepatic vascular re
sistance

Fine Would the functional behavior of the Liver be useful to you Dr
Burton, 1n determining whether or not the claim of anoxta 1s valid? We
made direct determinations of liver function, not by such methods as
deamination of amino acids but by measuning the rate of synthesis of
substances that are made exclusively by the liver fibrinogen and proth
rombin  The difference between this test and the test of deamination
#s a measure of liver function 1s that deammnation can be achieved by
many tissues other than lver while the synthesis of fibrinogen or proth
rombin cannot

As 2 measure of the degree of liver 1njury 1t 15 important to note that
2 gross disturbance 1n the capacity of the lLiver to make these substances
18 present within one hour after induaing severe hemorrhagic shock

Burton 1 certainly would accept that as showing dysfunction, prob-
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Bing: Were any of these done 1n normovolemic shock, that 1s, after
the withdrawn blood had been reinfused into the animal? Did you see
irreverstble changes then?

Biadley: We transfused a number of the animals and the blood pres-
sure and hepatic blood flow returned to normal These were animals
that survived There was also no change in those that did not survive
once splanchnic blood volume had decreased

Richards: Is there any great rise n Jactic acid or other acid products?

Myers Lactic actd does go up 1n the blood considerably

Richards Out of proportion to the amount of lactic acid generally
found n the blood?

Fine Yes

Selkuit Blood amino acid concentration goes up

Bring Pyruvic acid rises also

Shoir In dogs, the blood uric acid values reflect the degree of
oxidative metabolism of the liver, since these values are maintained at
thetr normal low level through the oxidation destructton of uric acid by
the lrtver When the liver becomes hypoxic, the uric acid values rise
According to the studies of Van Slyke (34), the reduction of blood
pressure by hemorrhage to about 70 mm Hg 1s not accompanied by 2
rise of blood uric acid values From this we may infer that the liver
metabolism 1s still aerobic However, when this investigator lowered
the blood pressure to 30 mm Hg, there was a sharp rise in blood uric
acid We can corroborate these findings from our own studies on ani-
mals 1n hemorrhagic shock

Baez With respect to plasma uric acid values as an index of Iiver
hypoxia, I should like to describe our observations* of uric acid changes
during hypotenston 1n normal dogs and in dogs with arterialized liver
Liver artertalization was achteved, following excision of the right kid-
ney, by anastomosing the peripheral end of the divided portal vein to
the right renal vein and joining the renal artery to the hepatic end of
the portal vein by means of an artery graft (35) Dogs that were suc-
cessfully operated upon survived n good health for many months The
operatton 1tself did not alter the basal values for uric acid (average 05
mg per cent) Comparative studies were made of plasma uric acid
Jevels 1n these animals and 1n normal controls during a standard hem-
orrhagic procedure In the normal control dogs, when the blood pres-
sure was lowered to about 70 mm Hg by blood withdrawal, there was
only a small increase n uric acid, however, when the pressure was re-
duced, by further bleeding, to 40 mm Hg, the plasma uric acid 1n the

;EE_S Taussky, H H, and Shorr, L Unpublished data



The Cirenlation i the Splanchuse Area 155

1s evident that the hepatic venous pressure, 6 mm Hg 1s a little higher
than normal  That in general 15 bectuse of an increase i intra abdom
wnal pressuce found 1 many crchotic subjects  The wedge pressure 1s
21 mm Hg 1n contrast to the normal mean of 5 mm Hg and actually
there 15 no overlap at all between the arrhotic group and the normal
group Normal subjects 1n our experience have gone ur as high as 9
mm Hg and no ctrchotic subject has gotten down to that level Some of
the cirrhotic subjects went up as high as 40 mm Hg
I skms Isnt that very good cvidence for your thesis that there 1s
no free communication between veins of the type in which the catheter
1s wedged because if there were there would not be such a great dif
ference betw een hepatic vern pressure and this pressure tn other words
if there was a communication that would drop the pressure At least
one can conclude that tn the cirrhotic liver there are no communications
betw een veins of that order
AMjyers That 1s quite right and that would be our nterpretation of this
high pressure The normal liver 1s a low resistance system with farrly
rich small vessel anastomoses In liver disease there 1s interference with
this rich small vessel anastomotic network and no sizable communtca
tions exust thereby there 1s a hugh resistance system and the pressure
in the occluded area rises to these quite high levels Again T would
potnt out that the blood 1n this system 15 not stagnant 1n that its oxygen
concentration and glucose concentration are the same as in the free
hepatic vein
The figure of 27 mm Hg for the portal vein 1s again the average of
the surgical figures I could find 1n the literature and the arterolar pres
sure 15 the same surmuse as we showed before  You will note then that
the socalled sinusoidal pressure of 21 mm Hg 1s 1n general agreement
with the portal venous pressure
Green What do you mean by an arteriolar pressure? Are you think
ing of the pressure in the capillaries that the hepatic artery supplies?
AMyers No the reason I put 1t this way 1s that I presume the hepatic
artersal radicals have the same resistance at the arterolar level as other
;rtcnu and therefore 1t 15 proper to speak of an artertolar pressure
ere
Green Where 13 this pressure drop of 30 mm ow!
that you showed 1n the grcvmus ﬁgfre( ’ g down to 6 mm Hg
Myers 1 think that occurs 1n the liver between the arteriole and the
sinusoid 1n this Jow resistance setu

Green There must be some very constricted vessel because the pres-
sure drop

Myers No T do not think 5o other than the artertole 1tself T again
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ably due to lack of oxygen, but I am not a bit repentant about raising
thss question, because now I have learned that a great many people are
competent on the subject The only measurements that I know of, that
have been made 1n the last few years, of the liver blood flow 1n shock
seemed to show that although flow decreases it does not decrease neatly
as critically as, for example, the blood flow of the kidney and possibly
of many other organs and tissues This assumption of the last few
years that the liver was the critical place, because it suffered critically
from oxygen lack, seemed to me to be rather uncertarn I wanted evi-
dence for this belsef

Myers Figure 50 1s a schema of what one finds 1n portal cirrhosis
of the liver, again with the catheter wedged 1n a small hepatic venous
radical If we agam work backward from the hepatic venous system, it

FIGURE 50 Schema of thc hepatic crculation n cirrhosis with portal hyperten-

sion
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trolled for considerable pertods of time  Later the artery may dilate
readjusting the proportion of arterial to postal bload entering that part
of the lobule or the portal vein may dilate or the artery may contract
The above phenomena have been recorded 1n motion pictures tahen of
frog Inner lobule and some of them have since been observed 1n the
Iners of rhesus monheys
The ordinary textbooks of physiology have not hept up with the liter
ature available on this problem The textbooks usually quote R Burton
Opttz to the effect that from one fourth to onc third of the blood en
tering the Iner 1s arterial  Soshin Essex Hernch and Mann (37)
found 1n dogs that sometrmes as much as 90 per cent of the blood flow
1ng through the liver enters by way of the artery and but 10 per cent by
way of the portal vein  Turther physiological readjustments sometimes
shifted the proporttons to the point where but 10 per cent of the blood
entering the liver passed n by the artery the other 90 per cent entering
by the portal vein
Investigators proposing to interpret the results of cannulization ex
penments should face the fact that the points of junctton of the hepatic
artery and portal vein at the periphery of the lobule have 2 specific ana
tomy make definite connections and that the tonus of these small ves
sels continuously mamntans very precise control of the kinds and ratios
of blood entering the lobule
Thus 1s the pomnt I was trying to arrive at  As you described 1t, the
major resistance that regulates the extent to which the hepatic artery
affects the sinusoidal pressure may well be in the terminal part of the
hepatic arteriole
Green But «f you are going to assign a pressure shouldn t it be at
some anatomically discrete poimnt just upstream or downstream from
some constrictor tissue? 1f you want to assign a pressure I imagine the
pressure drops more or less rapudly as the blood flows from the hepatic
artery along the artertole to the sinusoid and then levels out at about
7 mm Hg in the liver sinusoids
Nickerson Tt seems to me that this 15 a very convenent way of puttn
it, because I am sure there 15 a point where the pressure 1s ;rccf:ely 3%
mm Hg
(B;;”” DY:SKl::K fouf that potnt have any phystologtcal significance ?
ez T 1sely from your 1]
monkeys 1 gathered that thzosmuif::l izatvpv‘;o;cz;;;gmveizf aot;‘:
frfom branches of the hepatic artery and the other of portal ongin, each
o Whﬁh 1s provided with a sphincter like arrangement capable of open
ing and closing independently of the other one  If thas 13 correct then
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compare this system to what you find 1n the pulmonary circutt when a
high-pressure patent ductus comes n

Green. The 30 mm Hg would seem to be a little bit of an artificial
assumption

Myers As I say, 1t 1s entirely a surmuse that there exists a pressure
gradient of from 30 mm Hg in the artersole to about 5 mm Hg n the
sinusotd of the normal liver, and to about 21 mm Hg in the stnusod
of the cirrhotic liver

Nickerson- Is 1t not reasonable to assume that the major resistance 1s
in the terminal portion of the arteriole and that the pressure of 30 1s
really the pressure a few millimeters back from where 1t empties into
the sinusord?

Green 1t 1s rather artificial to assume some pressure halfway down
the artertole I do not think 1t would have any physiologic significance

M Kmsely At this point in the consideration of these problems, it
seems necessary to point out that the precise anatomy where the hepatic
artery and portal vein join each other at the periphery of the liver lobule
and the different physiological behaviors of the anatomical parts must
be considered when trying to interpret pressure measurements made
by cannulizating the artery and/or the portal vein

We published the anatomy and behavior of the parts as directly ob-
served through the microscope 1n the livers of frogs and rhesus monkeys
(19) You may also see Cowdry’s work (36) The hepatic artery runs
along the portal vein somewhat like a vine on a tree The artery gtves
off a side branch, “the arterial sinus twig,” which attaches to a hepatic
sinusoid usually about one fourth up to one third of the distance from
the periphery of the lobule toward the center There are large arterio-
portal anastomoses which connect the sides of the hepatic artery to the
stdes of the tips of the portal vein When these are open, they run arter-
1al blood 1nto the side of the portal vein and directly distribute artersal
blood through many or all of the tips of the portal vemn peripheral to
the artertoportal anastomosis

Consider the hepatic artery and portal vein running together up the
side of one liver lobule The hepatic artery sometimes s contracted
tightly shut and the portal vein wide open 1n which case pure portal
blood only passes into the sinusoids of the liver lobule Contrariwise,
the portal vern 1s sometimes tightly shut and the hepatic artery widely
dilated pouring highly oxygenated arterial blood at high pressure in
torrents through the sinusoids of that portion of the lobule Further,
at other times the hepatic artery and the portal vemn are partly dilated
and the rate of flow through each is thereby precisely controlled, the
proportion of arteral and portal blood poured into the lobule 1s con-
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the portal venous radicals out near the spleen mesentery and so forth
there 15 a perfectly normal wedge pressure with a low resistance hepatic
circulation 1n the absence of significant cirthosis

Green In your previous diagram vou showed [ belive a pressure
drop from 30 mm Hg in the mesenteric capillary to 7 mm Hg 1n the
portal sinusoids—1n other words a pressure drop of about 22 mm Hg
In these last two figures you have suddenly lowered that pressure drop
from mesentenc capiilanes to portal ven or portal vein to sinusoids
downto 2 or 3 mm Hg Shouldnt you maintamn about the same pres
sure drop and thereby have to raise your mesenteric capillary pressure
up to perhaps 50 mm Hg to ndicate that there ts a rise 1n intestinal
capillary pressure? [ believe 1t does actually occur doesn t st with this
type of obstruchion?

Mjyers Certanly the capillanes m the gut will be full 1 do not really
koow whether the gradient 1s tremendously different from normal or
not

I must repeat that 30 mm Hg 18 entirely arbitrary and has no great
mesning I have no brief for st The 28 mm Hg 15 the surgical figure
again i individuals who have been operated upon and who actually
had thetr portal venous pressures measured

Green This would assume a flow reduced to about one tenth of the
previous flow and I do not believe 1t would drop that much

Selkurt We have studied the influence of elevating portal pressure
on mesenteric blood flow in dogs With restrictions to outflow great
enough to raise portal pressure to 30 to 35 cm saline flow 1n the mesen
teric bed 15 reduced to about one half of the control level These are
i;utc experiments What 1t would do 1n chronic experiments I do not

ow

Myers Let us continue then, with Table XII which will show a very
[umited expenience with these pressures in 1ndividuals who have been
operated on for portal hypertension The furst two patients had end to-
side portacaval anastomosts so that the portal venous blood was com
pletely drverted from the liver 1In the usual cirthotic patient the

stnusoidal  pressure and the portal venous pressure are 1n reasonable
agreement, as Dr Wood commented a2 moment ago Here where the
portal venous blood 15 completely diverted from the liver there 1s no
significant effect on the hepatic  sinusordal pressure W D s pressure
preoperatively was 25 mm Hg the actual pressute at operation was

26 mm. Hg and the pressure taken sometune

postoperatively after 2
tof4 months was 22 mm Hg and the gradients on the right hand stde
0h the table, did not change significantly Likewise 1n patient H H
the pressure preoperatively was 17 mm Hg at operation 30 mm Hg
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the pressure 1n the sinusoid must be continually changing as a reflection
of sphincter action

M. Knisely: 1 am sure there 1s a great deal of variability there

Baez' Have you actually measured the pressure in the sinusotd?

M. Knisely: The measurement of 1t requures tools, time, and patience,
that ss all I do not say this 1n any way disagreeing with you But there
1s no conflict here

Mpyers: There 1s, 1n the currhotic liver, a very high resistance system
and a marked gradient between the wedge pressure and the hepatic ven-
ous pressure which clinically actually 1s diagnostic of this situation

Although Figure 51 does not apply too much to what we are discus-
sing, 1t shows, 1n the portal ven at the darker line, an extrahepatic con-
strictton which gives portal hypertension from a vartety of causes, and
it also shows that the mtrahepatic circulation 1s normal Therefore, n
extrahepatic portal hypertension, where the pressure 1s quite rassed 1n

FIGURE 51 Schema of the hepatic circulation 1n cxtrahepatic portal hypcrtcnsion
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Bradley Do you think 1t 15 possible that the artertal inflow actually
increased after the portal vemn shunting operation?

Mrers I think 1t 1s entirely possible It probably was as I mntimated
much higher than the normal hepatic arterial inflow before operation
This would be n accord with the surgical obsenations at operation—
that the hepatic artery m these arrhotic patients 1s dilated and there 1s
athnllover it It 1s possible that the portal venous inflow was apprect
able before operation and that after operation the hepatic artenal flow
tose 0 as to compensate for 1t and thereby the pressures remained the
same I do not hnow any way to settle that point on the basis of the
nformation at hand

Stead You do not have to say 1t did 1f you do not wish to because
you could say that when sinusoidal pressure reached a certain level the
obstruction to portal flow also reached a certain level and everything
flowed off through collaterals Therefore, there really was practieally
no portal venous flow before you tied the portal vein  Either would
certainly be possible

Green Did you happen to record the acute effect of tying off the
portal vein durtng the operation?

AMyers No we have not done that

Green That would be a rather good answer to your question,
wouldn t 1t?

Myers Actually 1 think Dr Reynolds* (38) m Los Angeles made
some such observations but I do not remember any strthing changes at
the tume of operation Do you recall that any better than 1 do Dr
Bradley?

Bradley No Idonot Most of the patients we studied (39) showed
a definite decrease in blood flow postoperatively

Do you thunk that diverston of portal inflow could be compensated
for by vasodilation?

Selksurt Sancetta (40) has done some worh on that Portal hganon
was followed by an immediate increase n hepatic arterial flow

Bradley Vasodilation need not be postulated to explain increased
arternal inflow It could be an automatic consequence of the arrange
ment of resistances

Green There would have to be a decrease tn the hepatic artery resis-
tance 1f the flow goes up because there was no change tn pressure 1o
the portal sinusoid

Selkurt 1f one constders that the portal radicles and artenal channels
lie parallel 1n the liver cutting off the portal supply would decrease

*Reyoolds paper does not provide the data 1n question
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TABLE XII

Occluded Hepauic Venous Pressures in Three Patients Undergoing
Operation for Portal Hypertension Secondary to
Cirrhosis of the Liver

Pt Operation “HS” HV Gradient

WD Portacaval, a 25 45 205
end to side op 26

p 22 6 16

HH Portacaval, a 17 10 7
end to side op 30

p 22 9 13

MB HA ligation a 20 95 105
op 30

p 145 3 115

and after operation 22 mm Hg He had some hepatic decompensation
with jaundice after operation, which may account for the fact that the
gradient actually went up a bit

In netther of these patients did the hepatic blood flow as estimated
by the BSP technic go down significantly as the result of the diverston
of the portal venous blood, and one might surmise, then, that actually
in these individuals before operation there was very little portal venous
contribution to the total hepatic blood flow, therefore, diverting 1t had
little effect on pressure relationships i the liver, as studied by this
technic  One might also say that this would help explain why complete
diversion of the portal venous blood has no great deleterious effect on
hepatic function 1n these individuals with cirrhosis  In these two cases,
the sinusoidal pressure obviously 1s entirely unrelated to portal venous
pressure

In the last patient, who had an hepatic arterial ligation, the hepatic
venous pressure was high on the initial measurement, and there was no
significant change 1n “sinusotdal’” pressure as a result of the operation,
the gradient therefore remamed the same The after-operation study was
done 2 months postoperatively, and 1t 1s perfectly possible that by this
time collaterals had re-established an adequate arterial blood supply to

the liver
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the pressure and volumetric encroachment on terminals of the hepatic
artery This might permit more flow through the hepatic artery, this,
however, 1s just a speculation

Biadley Iso’t it a fairly simple situation? If the mflow from the
portal system 1s reduced without change in the resistances distal to the
sinusoids, the arterial inflow will automatically increase, because with

the fall in portal inflow the pressure within the sinusotds must drop
temporarily

Green Except you did not show any drop in your sinusordal pressure
Biadley No, but the sinusotdal pressure would be quickly restored by
the corrective expansion of arterial inflow

Myers We were not there at the right time to obtain data on what
Dr Bradley would like to know

Biradley One may postulate a momentary drop 1n sinusotdal pressure
and then a restitution Of course, this should be demonstrable 1n some
change 1n the A-V oxygen difference, because 1n this situation a larger
quantity of oxygen would be brought into the liver tn the same volume
of blood The blood replacing the diverted portal blood would be high-
€r 1n oxygen content

Myers Yes, if the portal vein had made a really sizable contribution
In these two 1ndividuals (W D and H H ), there was a slight rise in
hepatic A-V oxygen difference between the preoperative and postopera-
tive measurements
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logic conditions there are vanations and differences 1n the strohe volume
of both ventricles

Blood pressures 1n the pulmonary arculation are very much lower
than in the systemic The mean blood pressure in the pulmonary artery
1s about one sex enth to one tenth of the mean pressure in the aorta and
the left atral blood pressure 1s slightly higher than the right atrtal pres
sure

The volume of blood i the pulmonary circulation estimated very
grossly 1s one fifth to ane tenth of that in the systemic circulation This
will be discussed later in more detal  Estimates vary from 500 to
1000 ml Since temporary heterodynamism of both ventricles prevails
this volume will vary continuously It will also do so during cychic
phases of respiration

In addition there are some differences i the behavior of both arcula
tions under conditions of stress such as exercise Until recently the pres
sures 1n the pulmonary circulation were said not to ncrease during an
exerctse which would result 1n a nearly three fold increase of the basal
flon In the systemic arculation there 15 always some tncrease, but
the over all systemic resistance drops 1n very severe exerctse to about
one balf of the basal value whereas resistance 1n the pulmonary circula
tion drops to about one third of the basal value

I must acknowledge that in our studies of the effect of exerctse on
the pulmonary arculation, pressures were measured after the subject
bad reached a steady state  1¢ when the arculation and respiration
as judged from various measurements including ventilation oxygen
uptahe respiratory exchange ratio pulse rate and blood flow have
ceased varying significantly However in a paper sent to me for review
and comment, I was confronted with good evidence that immediately
after the beginning of even a mild exercise there 1s 1 the pulmonary
artery a mean pressure rise which amounts to 4 to S mm Hg We have
been able to confirm this finding and to confirm further that the pres-
sure rise 15 maintained for 2 short period of time and that as a rule
as the exercise 1s continued the pressure tends to return to the control
level so much so that when a steady state 15 reached 1t 1s as we found
1n our previous studies

Such 2 course of events s rather to be expected Dr Willam F
Hamulton always prodded me about the necessity of an initial pressure
rise in order to open up some closed vessels which may accommodate 2
large flow 1ncrease during exercise  The above mentioned observations
provide the answer

Another ynportant distinction between both circulations results from
the course of large pulmonary vessels in contiguty with structures like
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STUDIES OF THE pulmonary circulation date back to the 1880’s, and, in
spite of a considerable number of publications, there 1s still Iittle agree-
ment about some of the most fundamental problems For mstance, it 1s
still not known whether the vasomotor system plays an active role 1n
the control and regulation of the pulmonary circulation The classical
reviews of Tigerstedt (1) and of Wiggers (2), published respectively
1n 1903 and 1921, give the impresston that after taking 1nto account all
the evidence, they were not suffictently convinced so that they could take
a strong stand one way or another concerning the role of the vasomotor
system  On the other hand, 1n a more limited review published recently
by Lilienthal and Riley (3), these essayists took a very strong stand 1n
favor of its role Perhaps this problem will be solved 1n the course of
the discussion here

COMPARISON OF CERTAIN FUNDAMENTAL ASPLCTS OF
PULMONARY AND SYSTEMIC CIRCULATIONS

In an equilibrium state, the mean blood flow through the pulmonary
circulation 1s rdentical to the mean blood flow through the enttre sys-
temic circulation

In some interesting studies of the functional anatomy of the ventric-
ular contraction, Dr Rushmer (4) has recently contrasted the geometric
configuration of the cavity of both ventricles the right, hemsspheric, s
best adapted to the transfer of a large volume of blood into a low-resist-
ance system, whereas the left, cylindric, 1s best adapted to eject blood
against varying resistances

We do not know whether what I stated about equal mean flow apphes
to a beat-by-beat analysis, 1t 1s very likely that even under normal physio-

#The work reported here was supported by a rescarch grant (PHS Grant H 833 (C))
from the National Heart Institutc of the Nitional Institutes of Health U'S Public Health

Service
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sacily Limited the error you were permitted to expect Would you repeat
that here to heep our thoughs straight?

Bxrton 1f you like I would agree with Dr Cournand that Visscher
in the onginal paper (6) rased a very important priciple but I
thunk bis final diagram s at fault in estimating how very great the error
can be, 1n that he assumes that there 1s no connection between these two
things—the AV difference and the flow After all these must be
related to the metabolism There may be a phase difference 1n the swing
g and 1 understand although I have not read this but only heard 1t
1n our previous discussion that this has been taken tnto account more
correctly since then [ think that Visscher s original esttmate of how
wrong one could be 15 greatly exaggerated because of his 1gnonng
the fact that there 1s this connection that the product of these two
things must be equal to something which 1s relatively constant

Cosrnand In the dernation of the formula the oxygen uptake 1s
climinated completely

Barton Yes so that while the principle 1s a very valuable one and
it has done a very valuable thing for us 1 making us aware of this
difficulty his assessment of how great the error can be 1s greatly exag
gerated

Cournand He did not say that this would necessarily be the error
but he intimated how great the error could be  When he measured flow
m the acute anoxic state he found that the flow by the dye method
wncreased significantly whereas by the Fich method the calculated flow
did not increase Of course Dr Wood could probably tell us that the
same error based on differences 1n phase 1n the time-concentration and
volume-concentration curves which occurs during sampling might also
be very significant i the dye method

Wood 1would take a little exception to Dr Burton s statement con
cerning the paper by Johnson and Visscher in that the error tiat they
postulated was correct under one set of assumptions namely that the
phase relationship betw een the phasic varations in flow and the 1c
varatons (n oxygen concentration was such that the error would be a
maximum

The only thing omitted was what the phase relationship was  If
there are phasic varations 1n flow and oxygen concentration the actual
error that occurs 1s due to the difference between a time average and a

volume average sample This difference 1s related to the product of the
amplitude (the peak to-peak amplitude) of the variabions 1n oxygen
content and the peak to-peak amplitude 1n the vanations in flow times
the cosine of the phase angle between these vanations (7) Since the
costne of an angle of zero degrees 15 1 and of 180 degrees'ss 1 if the
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sanly limited the error you were permutted to expect Would you repeat
that here to heep our thoughs straight?

Burton 1f you like 1 would agree with Dr Cournand that Visscher
in the ongnal paper (6) rased a very wmportant prmciple but 1
think his final diageam s at fault in esimating how very great the error
can be 1n that he assumes that there 1s no connection between these two
things—the AV difference and the flow After all these must be
related to the metabolism There may be a phase difference mn the swing
ing and I understand although I have not read this but only heard 1t
1n our previous discussion that this has been taken into account more
correctly since then I think that Visscher's original estimate of how
wrong one could be is greatly exaggerated because of his ignoning
the fact that there 1s this connection that the product of these two
things must be equal to something which 1s relatnvely constant

Comnand In the dernation of the formula the oxygen uptake 13
eliminated completely

Burton Yes so that while the principle 1s 2 very valuable one and
1t has done a very valuable thing for us 1n making us aware of this
difficulty his assessment of how great the error can be 1s greatly exag
gerated

Coxrnand He did not say that this would necessarily be the error
but he intimated how great the error could be  When he measured flow
n the acute anoxic state he found that the flow by the dye method
ncreased significantly whereas by the T'ich method the calculated flow
did not increase Of course Dr Wood could probably tell us that the
same error based on differences 1n phase 1n the time-concentration and
volume-concentration curves which occurs during sampling might also
be very signuficant i the dye method

Wood 1would tahe a little exception to Dr Burton s statement con
cermung the paper by Johnson and Visscher in that the error that they
postulated was correct under one set of assumptions namely that the
phase relationship between the phasic vanations i flow and the phasic
vanations 1n oxygen concentration was such that the error would be a
maximum

The only thing omitted was what the phase relattonship was  If
there are phasic variattons 1n flow and oxygen concentration the actual

error that occurs 15 due to the difference between a time average and a
volume average sample This difference 1s related to the product of the
amplitude (the peak to-peak amplitude) of the vanations in oxygen
content and the peak to-peah amplitude 1n the variations 1n flow times
the cosine of the phase angle between these variations (7) Since the
cosine of an angle of zero degrees 1s 1 and of 180 degrees 1s 1 if the
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two vartations are at that phase angle, the crror will be at a maximum,
but since the cosine of 90 degrees 15 zero, 1f they are 90 degrees out of
phase there will be no error i spite of the fact that therc may be big
Auctuations m flow and oxygen concentration That 1s the only crror if
it can be called such and, 1f so, 1t 1s only an crror of omission in the
Visscher-Johnson paper :

Burton 1 would accept Dr Wood s interpretation, except that I think
it 1s almost impossible that the phase can be 180 degrees Wouldn't
you think so~

Wood 1 don't know about that If the flow was 180 out of phase
with the concentration That would mean that the flows were greatest
when the A-V diftarence was least  Is that right” 1 have to draw a
picture before 1 can be certamn that 1 am stating these phase relation-
ships correctly

Buiton 1 am thinking of the clectrical analogy This would be a
flow that had no resistance and nothing but the inductance resisting the
flow, which would correspond to a vascular bed having no resistance
at all but having tremendous elastic propcrties, which probably 1s so,
1sn't 1t/

Wood 1 think in actual fact what will be found 1s that the content
of oxygen in the arterial blood 1s relatively constant, except perhaps
during anoxia, and that the major phasic variations 1n blood oxygen
content which occur n the intact animal occur n the mixed venous
blood I think the phase relationships between oxygen concentration
and flow can be almost anything because I believe that they are related
to varations in the rate at which blood returns to the heart from
areas with large differences in oxygen saturation of venous blood For
instance, phasic variations 1n the return of relatively highly saturated
blood from the renal veins and the more desaturated blood from the
cavas (8) These phasic variations 1n venous return and mxing of blood
from different areas and organs are associated with the respiratory
cycle and just what their phase relationships will be 1n respect to possible
vartations 1n flow, I do not know (9)

Cominand Am 1 correct 1n saying that you have studied the varia-
tions 1n the mixed venous blood oxygen concentration and you found
they were minimal, so that the error would be approximately 4 or 5
per cent?

Wood Yes, that 1s correct In intact humans we have studied, by
several different technics, the possibility of phasic variations in oxygen
content of mixed venous blood and have been able to detect such vari-
ations almost uniformly 1n normal subjects These variations are of
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mastmum amplitude 1n the iferior vena cava and 1t 15 estimated that
they can be as large as from 10 to 20 per cent SB)

After passage through the nght atrium an ventricle to the pul
monary artery these variations are much smaller - Accurate estimations
are difficult because of attenuation of the phasic vanattons under study
by the recording system used This consists of a long cardiac catheter
and a continuously recording cuvette oximeter In spite of the fact
that the blood 1s withdrawn at a high rate of flow the dynamic response
of the system 15 such that a good deal of attenuation of Auctuations
with the resprratory cycle occurs (9)  What one 15 forced to do until
better methods are devised—and I am at a loss to hnow just how 1t can
be done—is to study the dynamic response of the catheter-cuvette oxi
meter system to variations in oxygen saturation produced outside the
body and thus determune how the system responds This information
can then be used to predict back from the results in the actual experiment
as to what the varations must have been 1in the pulmonary artery to pro-
duce the vamations recorded by the cusette-oximeter system

These vanations at rest are very small and even (f one assumes the
maximum varatons in flow they would not produce errors 1n the con
ventional application of the Fick method which would be over 5 per
cent Duning exercase however these vamations frequently become
much bigger and may perhaps be as high as a peak to-peak amplitude
of 20 per cent with each respiratory qycle  Such vanations could result
in rea] systematic errors 1n determinations of flow by the usual Fick
method f there were sunultancous varations mn flow of large magn:
tude during the respiratory cycle and if these flow variations were 1n
the r1ght phase relationshup to the vanations in oxygen saturatton

We cannot say whether there are errors or not but we can say that
the possibility for significant systematic errors certainly exists It will
be impossible to find out whether such errors do occur until one can
define completely what the flow characteristics are in the pulmonary
artery If the flow mn the pulmonary artery could be measured from
tastant to instant and 1ts phase relationshups to the vanations 1n oxygen
content were known then the error 1n determunation of flow by the
conventional application of the Fick method could be calculated (9)

Coxrnand You see what Visscher and Johnson have started Even
if the magnitude of error that they mply does not necessanly apply
under special sets of circumstances they have at least called our atten
tion to a new physiologic problem 1e the cyclic varations of flow
through vessels and particularly the pulmonary arteries

ln an article wrtten 1n 1947 (10) concerning the effect of acute
anoxia upon the pulmonary artery pressures we described how we
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measured blood flow by the Fich method, and like Visscher and his
collaborators, we calculated that under such a state, the pulmonary
blood flow did not increase Howcever, Rahn and Otis (11) demon-
strated to our satisfaction that during acute anoxsa, the oxygen uptake
by the lung docs not really decrease, as we had found, and this apparent
decrease 1s rcdated to the duration of the unsteady state of gas equr-
librium through the fung, the blood, and the tissucs It may take more
than 20 minutes for a now steady state to be reached and therefore the
Fick prinaple cannot be applicd, short of that time

To emphasizc this pomt 1t 1s not correct to use the difference
between mspired and cxprred Oz 1n the lungs to determine the O, uptake
by the lung capillartes, under all circumstances A steady state must be
attamed and the best means to establish that such a state has been
reached 15 to dcterminc the resprratory exchange ratio (respiratory
quotient) of the lungs It 1s only when this figure corresponds to a
reasonable figure for the respiratory exchange ratios in the tissue that
4 condition of steady statc of gas exchanges may be presumed to exist

Nuahas and Visscher et al (12), working on the effect of acute anoxia
in the dog, give data indicating that, with respiratory exchange ratios
of the order of 3, the calculated O. intake 1s about one half of that
calculated during the control period Obviously you cannot use such data
to measure blood flow by the Fick principle

We are at the present time engaged in a comparative study of the
dye and direct Fich methods in man during acute anoxta and we are
endeavoring to determine under what conditions the Fick method may
be used

PULMONARY ARTLRY WELDGL PRESSURLC—''PC’’ PRESSURE

With regard to the validity of the methods to measure blood pres-
sures 1n the pulmonary circulation, cautton should be exercised when
a catheter 1s used The pressure contours obtained are oftentimes greatly
deformed by artifacts, which are mostly caused by the whipping of the
catheter within the heart Varying degrees of damping and simultaneous
recording of pressure within the ventricle may help to obtamn fairly
accurate systolic pressure values Many published values are worthless
because extreme care has not been taken

You are probably all aware of the fact that Hellems and his collabo-
rators (13) introduced catheters 1n the pulmonary artery as far as they
would go and that the pressures thus recorded were presumed to be
one of three things capillary, venous, or left atrial pressures Dr
Burton has expressed his opmion about the significance of wedge

pressures (n the Annnal Review of Physiology (14)
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The use of quotatton marks around PC  pressures 1s a clear indica
tion that after all these years what 1s measured even 1n the hands of
the proponents of the method 1s not evactly defined In the present
state of our knowledge the pressuce measured aftee proper wedging of
the pulmonary artery 1s probably best related to the left atnial pressure

M Rusely” A moment ago you suggested that you might be measur
ing any one of about three or four things Now tn any single casc 1s there
any way to know which one you are measuring, or 1s there a whole
collection of data each one measuring dufferent tlungs perhaps’

Conrnand Y ou are measuring the pressure which 1s obtained after
wedging  This 1s all you can say for certain  Stmultaneous determina
tion of mean wedge and left atral pressures have indicated that in the
gwen experimental instances the two pressures were not sigmficantly
different Dr Wood has made such compansons Others have made
such comparisons on the basis of left atrial pressure records obtained
by introducing a needle i the left acnum through a bronchoscope

One question anises—whether or not the pressure curves represent
events in the left atrum  Retrograde transmisston time 1s seldom tahen
mnto account when left atral and wedge pressures are recorded simul
tancously One wonders whether the deflections on the record of wedge
pressures are not due to heart impacts transmitted through the air and
flmd mredia of the lung 1n a closed chest In any event Ankeney (13)
has shown that with the open chest the only valid pressure tracings
after a catheter has been introduced 1n a small artery and secured tightly
with & ligature 1n place are those without any deflections  Surprisingly
enough, 1o study has been made of the state of the vessel walls beyond
the pomnt of wedging an imnteresting pomnt since flow 13 supposed to
cease within the vessel

There are a number of physical conditions which require further
analysis before one knows exactly what happens after wedging a
catheter 1n a pulmonary artery For practical purposes I am willing to
admut that the wedge pressure 15 low when the left atnal pressure 15

low and 1s hugh when the left atral pressure 15 high

Burton In watching one of these wedge catheters under fluoroscope
151t possible to see the tip backing up?

Cournand No 1t 1s not supposed to move

Burton 1t 1s quite still ¢

Cournand It 1s sull and the saline fluid flows at a rate of 5 to 10
drops per munute

Bxrton | was very impressed watching Machella (16) measure
veloaty 1n the pulmonary artery to see how %'cry much mo(vcn)ncnt across
the body there 1s 1n this artery People using catheters know that sf they
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move a catheter outside the body large fluctuations appear on the
recorder It 1s surprising to me that such people 1gnore this component
of kinetic energy in movement of the catheter when 1t 1s 1n the vessel

Comnand: This cnticsm apphies to the pressure taken in the pul-
monary artery without wedging It 1s possible to sce the catheter tip
moving, and this probably 1s one of the important causes of artifacts in
pressure tracings But this criticism does not apply to the wedged
catheter

Wood+ At the outset 1 also was very pesstmustic about the signifi-
cance of wedge pressures However, somewhat to my surprise, after
doing a serics of simultancous dcterminations of wedge pressures and
left atrial pressures i the operating room, I gradually came to think
that this wedge pressure really does measure something which 1s related
reasonably closely to left atrial pressure (17) When one makes such
measurements simultancously n the left atrrum and 1n the pulmonary
artery wedge position, there 1s a slight delay between the peak of
pressure 1n the left atrium, at least in our experience, and the peak of
pressure m the wedge catheter

Another point that should be kept in mund s that, in relation to
wedge pressures, there 1s a difference between the dog and the human
I have not done them myself but there has been in our laboratory quite
a series of comparattve studies of wedge and left atrial pressures in
dogs Significant differences were frequently obtained between pul-
monary artery wedge pressures and left atrial pressures in the dog *
I don’t believe that 1n the dog the same reliance can be placed on pul-
monary artery wedge pressures as a measure of left atrial pressure as
can be done under properly controlled circumstances in man

Findings 1n the dog are different 1n another respect It 1s extremely
rare, 1n fact I can remember only one 1nstance of a catheter wedged 1n
a pulmonary artery 1n a dog from which a blood sample could be with-
drawn In man, on the other hand, 1t 1s the exception rather than the
rule not to be able to withdraw fully arterialized blood from the pul-
monary artery wedge position (18)

I don't know just what the anatomic basss 1s for this difference
between the human and the dog 1n relation to pulmonary wedge pres-
sures but suspect that the two are not equivalent In our experience
we would not subscribe to Ankeny's statement (19) that a wedge
pressure cannot be accepted as such unless 1t 1s a flat line, 1 e, devord of
fAuctuatrons Actually we use diametrically opposite criterta A good

d pulmonary
*Denton, C, Wakim, K G, and Essex, H E ~ Companson of left atrial and p
gf:r;r;vedge pressures 1n dogs (Unpublished datn)
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wcdge pressure 1n our experience has a defintte contour and 1s what one
mught call a freely recording pressure and not a flat line (17)

Remmgton Could the difference betw een the dog and human stmply
reflect the relation of catheter size to pertpheral vessel drameter?

Wood Y ou mean it would wedge 1n bigger vessels?

Renungton Yes

Wood It 1s possible, although we obtarn good wedge pressures from
infants which are smaller than dogs

W Amsely What ts the actual outstde diameter of the catheter?

Cosrnand It 1s 1 mm

W Rmsely Is that the smallest outside diameter> What 1s the small
est outside drameter used?

Wood The No 6F catheter which 1s most often used 1n our labora
tory both 1n man and 1n the dog has an outstde diameter of approxi
mately 2 mm

Nickerson Would you say a word about the relationship of these
wedge pressures to the absolute left atrial pressure?

Coxrnand What do you call absolute—the mean?

Nickerson The mean left atral pressuce

Cowrnand 1 have stated previously that the mean wedge pressure
according to some 15 almost 1dentical to the mean left atnal pressure

Nickerson What 1 was thinlang of 1s this There 1s a difference
the transmission of the pulse wave with differences in the mean left
atrial or pulmonary venous pressures and I wonder if some of the
difference between human bewngs and dogs particularly the human
beings at operation 1s that these usually have an elevated mean left
atnial pressure whereas the dogs have a considerably lower pressure

Wood There 1s a paper by Haddy (20) and co-worhers concerning
a study of wcdgelfrcssures n the dog These workers are very pesst
mustic as to its value One of the statements made was that wedge
pressures cannot be relied upon unless there 1s an clevated left atrial
pressure  [n our experience still quite lunuted the left atrial and wedge
pressures cortespond well when measured simultancously and when
the former was not elevated however the sumulanty of contours under
such condittons 1s not as consistent as 1t 1s 1n subjects with mitral stenosis
and msufficiency but the agreement ss stated above 1 mean pressure

levels was excellent (17)

Bing We have been guilty of ascribing too much umportance to the
shape of the wedge pressure a thing which 1 am convinced was
erronecus It scems that the only value of the wedge pressure 1s to gtve
the approximate height of the pulmopary vein pressure

I am 1 doubt as to whether even the left atrial pressure permits a
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differentiation between mutral stenosts and insuffictency  Mr, Allison*
in Leeds, England, has taken direct left atrial pressure through a
bronchial catheter He kindly sent us some of his tracings, 1t 1s difficult
using these tracings, to differentiate between stenosts and nsufficiency

Such a differentiation 1s important from a clinscal viewpoint, I must
admut, but 1f there 1s no difference n the pressure 1n the left atrium,
how can we expect the wedge pressure to be of value n differentiating
mutral stenosts and msufficiency

Comnand There was no difference in the pressure between the left
atrram—

Bing There was no difference between the pressure recorded in the
left atrrum n the presence of mitral stenosis and that recorded with
insufficiency  There was absolutely no indication whether the patient
had a mutral stenosis or nsuffictency

Comnand In other words, the amplhitude of the events on the trac-
ings was not greater’

Buig That 1s correct

Cournand 1 believe the pathologsst could tell us something about
changes occurring in the wall of the left atrrum in the course of mutral
stenosis  Depending upon the degree of muscular hypertrophy or
upon the presence of laminated clots, the curves relating volume and
pressure changes within the left atrrum must be quite different

Bing What 1 mean 1s that we cannot base too much credence on
the shape of the pulmonary wedge pressure if we cannot place any
credence 1n the shape of the left atrial pressure 1n the first place

Conrnand You don't believe that you record with any degree of
accuracy left atrial pressure by ntroducing a needle in the left atrum
with a surtable recording system?

Brg. 1 do not know, but Allison’s tracings do not bear out some of
the published data

Comsnand Some of my associates are recording pressure curves In
the operating room, but, since these records have not been analyzed
yet, I would rather say nothing on this subject

Lampoit The fact that the wedge pressure and the left atrial pressure
are so close together 1s of importance It simply demonstrates that there
1s a very low pressure gradient from this wedge spot into the left atrium
and that must mean that the intervening vessels have a very large cross
sectton so that the hindrance or resistance of those vessels to blood flow

1s extremely low
Wood 1do not think it means that at all because it has been demon-

*Pcrsonal commuanication
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strated that the flow 15 stopped in the small segment of lung supplied
by the vessel in which the catheter 1s wedged (21) If there 1s no flow
gong through that vessel 1t 15 a static system and one cannot tell any
thing about resistance to flow through the vessels 1n question In a
sense the vessels distal to the catheter appatently act as an extension of
the catheter system leading to the pulmonary vens and left atrum  If
there 1s no flow or greatly reduced flow the pressures obtained cannot
be used as any indication of resistance

Lamport Dont you feel there must be an nastomosis here which
1s very rich 1n the lung” Since you can obtain both red and cyanotic
blood from his catheter under different conditions ts not the catheter
tip 1n a location w hich ts certainly upstream from the left atrum? Does
not the closeness of wedge pressure to that in the left ateum indicate
that there 1s a low pressure gradient from the left atrum to the point
of connection betw een static and flow ing blood at the wedge? 1 under
stand what you mean about the catheter and the vessel 1n which 1t 1s
wedged being a static tube but 1t must finally connect, Ithe a static
manometer attached to the wall of a pipe with a flowing system There
1s an wnfusion going into the catheter and the flurd 1s going out into
the anastomosis of the wedged vessel you can withdraw blood

Moe In any event the flow into the system from collateral channels
must be less than the flow which would normally exist were the catheter
not 1n place The recorded pressure must therefore be less than normal
and you cannot therefore assess the resistance beyond the catheter

Lamport 1f 1t 1s going all the way to the left atrium yes but how
can 1t? You have a relatively small size catheter much smaller than
the vein, so 1t must be true that your pomt of connectton with the
flowing blood 15 upstrearn from the atrium

Moe Tt must be on the upstream side of the atrium to be sure

Lamport Yes and the gradient to those pomnts 1s very tiny I will
admit I do not know exactly where the collateral connection 1s but it
scems to me 1t must certawnly be upstream.

Figure 52 shows an extremely formalized diagram of the pulmonary
vascular system The circle shows where the catheter had wedged 1 a
pulmonary artery and the pressure it reads 1s Py The pressure 1n other
artenies this size (there are N altogether) 1s P, and that in the left
atowum 1s Py, The shaded blod. sepresents the wedge normally supplied
by the blocked artery If there were 1o anastomosts between any of the
wedge and other pulmonary vessels in the manner shown in the figure
ﬁ(cxfirst connection between the vessels 1n the wedge and the flowing

i the rest of the lung would be somewhere n the pulmonary
venous system  More precisely if the wedge 1s a random portion of the
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FIGURE 52 Highly schematized rcpresentation of pulmonary circulation, blood
flow being always from left to right The letters P with various subscripts refer to
blood pressure at the site at which they are placed and are described 1n the text
P, represents the “wedge” pressure read from a catheter wedged in the artery
indicated by a arcle The square boxes indicate the capillary bed between arteries
and veins, the hatched box being the one supplied by the wedged artery

lung bed, we can say that the connection between static and flowing
blood cannot occur further downstream than the location at which the
venous outflow of the wedge passes through a single vein to join with
another vein actively draining blood from the rest of the lung

In the unwedged system,

Py, > Pwv > Ppy

In the wedged system (we omit consideration of the slight distortion
of pressure at the venous confluence because of the change in flow result-
ing from wedging), assuming no anastomosis before the confluence
at Pyv, the pressure read must be that at Pyv, since there 1s no flow
and so pressure throughout 1s everywhere the same (Pascal’s Law)

Pw = P, when there 1s no anastomosis

OI‘, P\ > P\\ > PL\

If there 1s anastomosis, the effect will be to shift upstream toward
P, the pressure read at Py to the pont at which anastomosis becomes
effective Certainly anastomosis must be effective at the capillary level,
so that we can expect that wedge pressure will lie somewhere between
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P: and pulmonary capillary pressure, depending on the actual level of
effectrve collaterals

Cosrnand May 1 make this statement about pressures> When one
measures pressure 1n the normal circulation the mean pressure 1n the
pulmonary artery 1s of the order of 10 to 12 mm Hg  the mean 1n the
left atrum 13 of the order of 4 to 5 mm Hg The pressure one can
record 1s between those two The error in reading a succession of
tracings 1s as much as 3 or 4 mm Hg There 1s a very small pressure
drop so I think the only mteresting measurements that can be made are
those that are found in mutral stenosis when the pressure gradient
betw cen the two 1s really signsficant

May I say also that 1 the very first paper on wedge pressures obtatned
from dogs by Dexters group (22) the pulmonary venous pressure
was on an average somewhat higher than the wedge pressure which
shows the margin of error within which one operates

One more interesting fact 1s that after passing a catheter through an
nteratrial septal defect and wedging it into a pulmonary vein the pres-
sure recorded has been found to be rdentical to that of the mean pulmo-
nary artery pressure (23) On the basts of these observations 1t would
ﬂpéwar that the pulmonary capillary pressure must be higher than the
left atnal pressure

Wood We have made sumular studies in approximately fifteen
patients and the observation you report 1s essentially true (24) In
patients with a Jow pulmonary vascular resistance and normal pul
monary artery pressure, mean pressures recorded from a catheter
wedged 1n & pulmonary vein are similar to the mean pressure in the
pulmonary artery and 1n some instances show contours which are simi
lar to the pulmonary artery pressure pulse

However 1f the catheter 1s wedged in a pulmonary vein 1n patients
with pulmonary hypertension—and we have done it 1n quite a number
of nstances—the mean pulmonary vein wedge pressure 1s quite different
from mean pulmonary artery pressure It 1s higher than pulmonary vein
pressure bat 1t 15 much lower than pulmonary artery pressute There
fore the statement that bas been made that one can use pulmonary vein
wedge pressure as a measure of pulmonary artery pressure only applies
Ibehieve 1n cases 1n which the pulmonary artery pressure 1s normal We
have good evidence to support this (24)

Coxrnand 1 used these studies as evidence that you may ta unusual
sttuations measure the pulmonary capillary pressure and what you just
stated indicates that even this statement 1s not always correct

W Knuely Were there septal defects 1n the first fifteen you men
tioned ?
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Wood: There are septal defects 1n all these cases, otherwise, you
cannot make the measurement

W. Kuisely They were not “intact” humans, then

Wood Well that 1s a matter of definttion. These were patients with
congenital, naturally occurring, septal defects

Buiton: Doesn't all this suggest to us that we have a profound area
of 1ignorance? I feel there 1s not much use 1n using hemodynamic argu-
ments when we do not really know how many anastomoses there are
between the capillary systems that are feeding different veins, or are fed
from different small arteries After all, we look at the vasculature and
we say 1t 1s like a network, but it may be that it has a sort of lobular
structure so that the network we Jook at all drains into one little vein
This last observation you made would suggest that if you obtamn a
pressure from a pulmonary vein wedge catheter, you obtain something
about equal to that at the other, arterial, end It suggests that i that
particular case there cannot be much intercommunication with- other
capillary systems, doesn’t 1t? It seems to me until we have this intimate
knowledge of the architecture, which I do not know that we now have,
we cannot really argue very sensibly on hemodynamics

Couinand 1 agree with you

M Kisely Oscar Batson has a motion picture of a special type of
dissection of the lung of freshly dead pig which shows that the lung
separates very easily mto portions roughly the size of a walnut or a
little Jarger The first implication of this study was that these were sup-
plied by primary units of artery, vein, and bronchus There was also the
indication that this kind of dissection could be done 1n the human being
Thus far my only information ss that Batson has the technic and he
should be supported strongly while he prosecutes that research

Cournand 1 have not thrown into the discussion the fact that there
are anastomoses between the pulmonary system and the bronchial sys-
tem This must eventually further complicate pressures recorded 1n-
directly

In summary, one should be very careful in imnterpreting wedge pres-
sures and 1n introducing the data procured by this measurement into
more or less complicated formulas from which to dertve hemodynamic
information

W Kwnsely Dr Cournand, why 1s it necessary to wedge the catheter?

Cowntnand 1f you do not wedge, you will record a damped pulmonary
artery pressure, if you wedge, then you record a pressure at some point

distal to the wedging
Gieen Dr Bing stated, I believe, that you could not distinguish mitral
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stenosts from msufficieny Would you care to commut yourself on that
pont from measurements cither of wedge pressure or of atrml pressure
recorded directly ?

Conrnand The only answer [ can grve 1s that Lars Werko a former
collaborator of mine belicves that he can make a diagnosis of mitral
insufficiency on the basis of changes tn the normal contours of wedge
pressure records

There 1s much conflict n the literature as to the interpretation of these
contours so that my answer 15 quite negatne Would Dr Wood agree
with this estimation?

I ood 1agree with that 1 think the end of the story has not been
reached yet but at the present time 1 do not think there 15 any sronclad
way of diagnosing mitral nsufficiency or distinguishing mitral msuffict
ency from stenosis by means of wedge pressures The relationship be
tween the amplitude of the V wave and the level of the mean wedge
pressure offers the greatest promise of real usefulness in this respect
(25)

Cosrnand What 1s obtained drrectly 1n the operating room by needle
puncture, or with small catheters 1s of great value since the pressure
tracings make 1t possible to recognize mitral regurgitation

PULMONARY BLOOD VOLUME

The method used to measure pulmonary blood volume 15 based on
Hamulton s principle (26) A dye 1s injected into the pulmonary artery
and from the mean circulation time up to the brachial artery the point
of sampling and from the cardiac output hgure the total volume of
blood between these two points may be estimated The volume measured
includes the volume withun the left heart The volume thus measured 1n
normal man 1s about one fifth of the total blood volume or approxt
mately 1000 ml This 1s larger than what was expected from direct
measurements made 1n dogs  Surprsingly enough 1t has been reported
that the central blood volume s not increased i mutral stenosis with
considerable block

Al Awmsely Sigstrand (26) wrote a book proposing very strongly
that the lung was a reservorr and there was control of the amount of
blood 1n 1t and of the amount of blood released from 1t

Cournand The Sybstrand (27) 1dea had little success 1n Sweden
;hcrc 1; ongx;atc;{ Asbl remember there was some artifact in the

reparation  Anyhow blood was supposed to be led 1n special
sinusoidal formations The lung n-ughtp however plA)P:Orole as nl;:lcr
voir affected by ventilation There is little doubt about that but whether
large amounts of blood are sequestrated 15 doubtful
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Wood. There are septal defects in all these cases, otherwise, you
cannot make the measurement

W Kinsely They were not “intact” humans, then

Wood Well that 1s a matter of definition These were patients with
congenital, naturally occurring, septal defects

Buiton Doesn't all this suggest to us that we have a profound area
of 1gnorance? I feel there 1s not much use 1n using hemodynamic argu-
ments when we do not really know how many anastomoses there are
between the capillary systems that are feeding different verns, or are fed
from different small artertes After all, we look at the vasculature and
we say 1t 1s like a network, but it may be that 1t has a sort of lobular
structure so that the network we look at all drains into one little vein
This last observation you made would suggest that 1f you obtamn a
pressure from a pulmonary vein wedge catheter, you obtain something
about equal to that at the other, arterial, end It suggests that in that
particular case there cannot be much intercommunication with- other
capillary systems, doesn’t 1t? It seems to me until we have this intimate
knowledge of the architecture, which I do not know that we now have,
we cannot really argue very senstbly on hemodynamics

Coninand 1 agree with you

M. Kwuisely Oscar Batson has a motion picture of a special type of
dissection of the lung of freshly dead pig which shows that the lung
separates very easily into porttons roughly the size of a walnut or a
little larger The first implication of this study was that these were sup-
plied by primary units of artery, vein, and bronchus There was also the
indication that this kind of dissection could be done 1n the human being
Thus far my only information s that Batson has the technic and he
should be supported strongly while he prosecutes that research

Conrnand 1 have not thrown into the discussion the fact that there
are anastomoses between the pulmonary system and the bronchial sys-
tem This must eventually further complicate pressures recorded in-
directly

In summary, one should be very careful in interpreting wedge pres-
sures and 1n introducing the data procured by this measurement 1nto
more or less complicated formulas from which to dertve hemodynamic
information

W Kusely Dr Cournand, why 1s 1t necessary to wedge the catheter?

Comnand 1f you do not wedge, you will record a damped pulmonary
artery pressure, if you wedge, then you record a pressure at some point

distal to the wedging
Green Dr Bing stated, I believe, that you could not distinguish mutral
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Dr Hamuilton does not believe that the lung 1s a reservorr, but he does
conclude that the heart plays such a role, and that whatever change there
1s 1n the central blood volume s due to changes 1n heart volume rather
than pulmonary blood volume Is that correct, Dr Remington?

Remngton That 1s correct

Nickerson Would you care to comment upon changes in pulmonary
blood volume 1n chronic mitral stenosis and acute left ventricular
failure?

Cousnand The data of Borden, Ebert, and their associates (26) ndt-
cate that there was a greater pulmonary blood volume change i left
ventricular failure than 1n matral stenosss, but as I stated, the method
used may be questioned It 1s rather surprising that there should be no
increase 1n pulmonary blood volume 1n the face of striking evidence of
lung congestion

Nickesson The reason I asked ss that in anmmals, particularly 1n
sttuations such as the production of acute pulmonary edema produced
in the rabbit by administration of epinephrine, it 1s very conventent to
assume that the much greater response to the epinephrine of the systemic
as compared to the pulmonary vessels leads to acute left ventricular
suffictency with an increase in pulmonary volume Do you feel that
this 1s a legitimate explanation?

Cousnand I think we might later go into the question concerning the
effect of eptnephrine upon the pulmonary circulation, but now I should
like to show that there 1s some relationship between flow and pressure
in the pulmonary circulation Our ignorance with regard to pressure-
volume relationships of pulmonary vessels 1s appalling Only one group
of physiologists, Sarnoff’s, has attempted to establish 1n intact dogs the
relationships between volume and pressure in the lungs (28) They
measured Increments 1n pressures in the pulmonary artery and left
atrtum as known volumes of blood were added The curve was similar
to that obtained 1n an 1solated pulmonary artery However, at any given
volume, a higher pressure was obtained during addition than during
withdrawal of fluud This difference they ascribed to change in elastic
properties of the vessel walls as pressure 1s maintamed and, to a lesser

degree, to leakage I do not know if such an interpretation 1s correct,
since extravascular factors, such as pulmonary edema, might influence
ressure-volume relations

We did study (29), a number of years ago, the relationship between
flow and pressure in normal individuals, and 1n patients after pneumon-
ectomy In Figure 53, the flow through one lung of a normal individual
1s assumed to be half of the total flow, and this data 1s compared to the
total low which takes place through the single lung of individuals after
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pneumonectomy Even though the flow 1s twice that in the normal lung,
it can be seen that there 1s no difference of pressure under resting con-
dition But during exercise there 1s a significant increase 1n pressure (n
patients with one single lung, since the total flow attains value which
we do not obtain 1n each lung of the normal subjects There 1s, how-
ever, a criticism to be made to these observations, that 1s that the normal
subjects were exercised 1n the standing position but the patients after
pneumonectomy were exercised in the supine position It 1s probable
that under dynamic conditions, the volume of blood 1n the lung vessels
might be significantly different in these two positions

Buiton Do you correct the pressures measured to the catheter tip
or to heart level?

Cowurnand To heart level

Buiton So they are corrected for the difference in the hydrostatic
pressure ?

Comnand That 1s right As a matter of fact, there are many ques-
tions related to the problem of hydrostatic level should one take the
center of the heart or the highest point in the right ventricle? We
always try to take the same point but there are probably some variations
in different individuals

Buiton From the point of view of the size of an indtvidual vessel,
all 1t ‘knows’ 1s what the pressure 1s there, and from that point of view
perhaps one should use the pressure corrected to the level of the end
of the catheter It 1s the pressure there, which you are recording, which
determines whether that vessel 1s open or how widely open, rather than
a corrected pressure

Cominand Yes

Buiton So that one 1s always in doubt as to whether one should make
this correction or not according to what aspect one 1s interested 1n

Comnand That 1s right We took that into consideration In the
suptne position we take the center of the heart, not the tip of the
catheter as we did once many years ago for the right atrrum In the
upright position we took the level of the catheter as the reference point
I would say that 1n the flat position 1t would make very little difference

Baicroft Am I night that there are large blood flows in exercise in
the patient after pneumonectomy but there are not such large blood
flows 1n severe exercise n normal subjects?

Cournand That 1s right Indeed this 1s a very artificial curve, since
we assume that 1n normal subjects the flow through each lung 1s half
the total flow and since pressure variations in the normal are related
to one half the flow at rest and during exercise After pneumonectomy,
the total flow through the remaming lung during a light exercise 1s
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much larger than the low through cach lung in a normal subject during
veny severe excraise We took advantage so to speak of this unusual
situation to prolong the cune toward flow levels not attawnable n
normal subjects in the course of cardiac cathetenzation

Pethaps this ts the ime to mention that there 1s a dual circulation 1
the lung with anastomoses between both arcuts 1 personally have no
expenience concerning this subject but maybe some of you have Dr
Liebow and his assocrates (30) at Y ale Medical School have been study
ing the bronchial circulation anatomically and to some extent dynami
aally, in health and 1n disease They have been impressed by the poten
tizlity for the bronchial arculation to take over part of the pulmonary
arculation 1n some pathological conditions of the lungs

The normal flow through the bronchial urculation 1n a normal dog
1s approximately 30 ml per munute or about 1 per cent of the total sys
temic flow a figure which corresponds grossly to the estimated flow
through the bronchial circulation 1n man ~ After ligation of one pulmo-
nary artery the astronomical figure of 2 liters of blood has been estt
mated to flow per minute through the greatly expanded bronchial carcu
lation T am somewhat doubtful of such figures which have been ob-
tained on the basis of an indirect method 1¢ bronchospirometry  From
an experience of over 15 years with this method I venture to say that
measurements of oxygen uptahe of each lung measured separately
which serves as an index of the separate flows are liable to constderable
error even i the hands of expernienced investipators if the catheter 1s
nO(lEamtxomng tightly both matn bronchi This T shall try to elaborate

ter

Gregg May I add that Dr Henry Williams in our laboratory has
repeated some of these studies measuning retrograde flow directly and
has found a good sized increase n backflow—possibly 200 ml /mimn
The flow values did not approach 2 hiters/min

Cournand 1t 1s increased but not so much?

Gregg Yes

Wilkins What was the expertmental condition that caused the in
crease?

Cosrnand Ligating one pulmonary artery then measuning the oxygen
uptake by the lung on the assumption that the bronchial arculation has
taken over Of course arteriovenous differences are very small since
the bronchual artery blood returns to the lung almost completely satu
rated However there 1s no doubt that in diseases of the broncht with
severe tnflammatory process the bronchial circulation increases

Bing In papients with complete pulmonary atresta, the bronchual
arculation provides the entire pulmonary flow
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Coninand In my laboratory we have studied a patient with patent
ductus aiterrosus, after ligation of one pulmonary artery of an absolutely
normal lung, necessitated by severe tear 1n the course of the surgical
treatment of this defect After a few months, the amount of oxygen
uptake through this lung as determined by bronchospirometsry was n-
deed somewhat increased, but far from attaining the values observed
1in dogs

The problem of anastomoses between bronchial and pulmonary circu-
lations bears out some questions raised previously Particularly concern-
ing pulmonary artery wedge pressure measurements, there 1s no doubt
that 1f large anastomoses exist, the question of what 1s actually meas-
ured becomes infinitely more difficult to assess

These anastomoses are of two orders () direct anastomoses 1so-
lated by Von Hayek (31), under the name of “sparen” arteries, with
a sptral musculature not unlike that described 1n the wall of the patent
ductus aiterrosus of the newborn, they constitute potential shunts be-
tween vessels of 100 to 200 mucrons, and (&) capillary anastomoses at
the level of the respiratory bronchioles which drain blood to the pulmo-
nary veins

May I say that little 1s known about the metabolism of the matrix of
the lung, but 1t 1s likely that metabolites and oxygen are provided by the
bronchial rather than by the pulmonary circulation

CHANGES IN PULMONARY CIRCULATION AT BIRTH

So far, 1 have discussed very little of my own work, but as I belteve
this discusston 1s the first concerning the pulmonary circulation, a brief
mention of general topics might help orient those among you who are
not familiar with the subject

The question of the changes in the circulation which take place at
birth may be of great interest 1n an interpretation of the normal and
abnormal physiology of the pulmonary circulation 1n the adult You
are, of course, all familiar with the superb work with lambs by Joseph
Barcroft who actually demonstrated that most of the fetal and placental
returning venous blood bypassed the lungs by the way of the foramen
ovale and ductus aiteirosus (botalr) and followed the changes im-
mediately after birth, particularly the rapid closure of the patent ducius
arterrosus More recently, Dawes et al (32) have followed these
changes, using in particular the technic of blood sampling and O.
determination 1n various parts of the circulation to map flows and shunts
as 1s currently done 1n the diagnosis of congenital heart disease Ac-
cording to their work, 10 per cent of the total circulation goes to the
lungs and, interestingly enough, the Oz content of the pulmonary venous
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blood 15 less than that of the artery In other words the pulmonary
attery supphies the oxyen to the lung

Thev calculated that approximately 3% per cent of the venous return
gocs through the foramen arafe and 15 per cent through the patent
ductus artersoses The summation of percentage flows comes out fairly
well considenng that mixing cquations are used At birth the foramen
orale apparently closes as soon as the pulmonary arculation s estab
lished apparently duc to the increased pressure i the left atrum at
tendant to the pulmonary venous return They do not agree that the
dosure of the patent ductus artersosns takes place sery early There
may be some spectes differences the closure being earhier 1n dogs than
in lambs Whether the mechamsm of closute s initsated by the increase
1n O: content of the aortic blood 15 still debated  Of course the closuse
of the foranten otale 1s strictly on a hemodynamic basis and 1s facilitated
by the drop 1n right atnal pressute following higation of the umbilical
vein Conditions met 1n adults are easily obtained namely a higher
pressure in the left than in the right atrum

With regard to the closure of the patent dwctus artertosus three
points deserve mention () the spiral like disteibution of the muscular
coating (b) the nene supply to this musculature the role of which 1s
1n doubt, and (c) the merease n O content 1n the aortic blood at the
tume of closure

Within a few munutes the patent ductws artersosus closes some data
gven to indicate that the closure takes place after several days 1n the

newbomn are based on a comparison of the O: content 1n the

blood sampled simultancously 1n the nght brachial and 1 a femoral
artery Thus takes advantage of the fact that the patent ductns artersosys
opens at the level of the left subclavian artery and that therefore per
sistence of flow through the dwctas tends to reduce the O. content of
the sample 1n the femoral artery as compared to that of the nght
brachial artery This has been used by Dr Wood and by our group to
demonstrate reversal of flow 1n the adult patent ducstws However 1n
the study of the human newborn many errors might be introduced by
this technie Lind and Wegels (33) who have studied the closure
of the patent ductws arteriosus i the human newborn by injection of
Opaque substances which takes a great deal of skill have shown that
closure occurs a few minutes following the establishment of ventilation

NERVE CONTROL OF THE PULMONARY CIRCULATION

A problem of constderable interest 1s that of the nervous control of
the pulmonary cureulation In talking with Dr Burton 1 found comfort
tn his agreeing that 1n thus particular cicculation changes 1o resistance
do not necessarily mean changes i radius of the small vessels under the



186 Shock and Crculatory Homeostasis

Cournand In my laboratory we have studied a patient with patent
ductus arteriosus, after ligation of one pulmonary artery of an absolutely
normal lung, necessitated by severe tear 1n the course of the surgical
treatment of this defect After a few months, the amount of oxygen
uptake through this lung as determined by bronchospirometry was n-
deed somewhat increased, but far from attaining the values observed
in dogs

The problem of anastomoses between bronchtal and pulmonary circu-
latrons bears out some questions raised previously Particularly concern-
ing pulmonary artery wedge pressure measurements, there 1s no doubt
that 1f large anastomoses exist, the question of what s actually meas-
ured becomes infinitely more difficult to assess

These anastomoses are of two orders (4) direct anastomoses iso-
lated by Von Hayek (31), under the name of “sparen” artertes, with
a spiral musculature not unlike that described 1n the wall of the patent
ductus arteriosus of the newborn, they constitute potential shunts be-
tween vessels of 100 to 200 microns, and (4) capillary anastomoses at
the level of the respiratory bronchioles which drain blood to the pulmo-
nary veins

May I say that little 1s known about the metabolism of the matrix of
the lung, but it 1s likely that metabolites and oxygen are provided by the
bronchial rather than by the pulmonary circulation

CHANGES IN PULMONARY CIRCULATION AT BIRTH

So far, I have discussed very little of my own work, but as I believe
this discussion 1s the first concerning the pulmonary circulation, a brief
mention of general topics might help orient those among you who are
not familiar with the subject

The question of the changes in the circulation which take place at
birth may be of great interest in an interpretatton of the normal and
abnormal physiology of the pulmonary circulation 1n the adult You
are, of course, all familiar with the superb work with lambs by Joseph
Barcroft who actually demonstrated that most of the fetal and placental
returning venous blood bypassed the lungs by the way of the foramen
ovale and ductus arteizosus (botalr) and followed the changes im-
mediately after birth, particularly the rapid closure of the patent ducius
artertosus More recently, Dawes et a/ (32) have followed these
changes, using tn particular the technic of blood sampling and O:
determination 1n various parts of the circulation to map flows and shunts
as 1s currently done in the diagnosts of congenital heart disease Ac-
cording to their work, 10 per cent of the total circulation goes to the
lungs and, interestingly enough, the O. content of the pulmonary venous



The Puloron uy Crrcul stion 18Y

something than he <aw somewhere else and i my opinton this 1s totally
urelevant What we really need 1re statements of the anatomy of the
vessel as you said the position atong the lenaths of 1t the amount of
smooth muscle the mnenation what kinds the amount of force that
itcan exert and the stimult which triwger it off

Many times you can apply stmult which pive desired results some
where else but you do not obttin any response at a given place there
fore the farlure to obtatn a respunse to one set of drucs does ot mean
the system cannot respond It my mean you are using the wrong
stimulus

Coxrnand W Hamulton (31) has studied the effects of epinephrine
m the intact dog and does not belteve that it has an effect on the pulmo-
nary vessels themselves  Perhaps Dr Barcroft would bike to say some
thing on the effect of epinephrine on the pulmonany arculation

Barcroft No 1 have no experience

Cournand 1am sorry Itis a very interesting, field [ believe and not
much 1s known

In some diseases assocrated with pulmonary hypertension  sympa
thetre bloching agents have been reported to cause marked drops in the
pulmonary artery pressures But let us pomnt out (4) that these agents
cause a marhed vasodilation 1n the systemic arculation and () that
small changes 1n blood volume within altered pulmonary vessels might
cuse large changes 1n pressures Therefore a drop in pulmonary artery
pressure does not necessatily mean that 1t 1s the result of vasomotor
agmty

Barcroft Maght T ash you whether or not Goldenbery (35) found
that in infusions of arterenol in hypertensiie patients there was quite 2
considerable rise 1n pulmonary urculation pressure?’ Do you remember
that point?

Cournand He has shown that There was no measurement of out
put if I remember

Wilkins However the same objection that Dr Cournand just men
tioned with drugs that lower systemuc pressure applies here  Arterenol
Taises systemac pressure so much that any effect that you obtain 1n pulmo-
nary arrculation can easily be interpreted as a bach pressure effect

Exactly the same thing occurs (as we have reported (36) and others
have conhirmed) with angiotonin, which 15 a different hund of pressor
#gent. You cannot draw conclustons regacding the acton on the pulmo-
naty arculation of either a pressor or depressor drug given wmto the
Sﬂlcml crculation from what 1t then does to the pulmonary pressures
e ourglana’ I'am glad of Dr Wilkin s comment since 1t does orsent

problem well - Any constrictor or dilator effect on the systemic circu
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control of vasomotoricity Clinicians are apt to equate the one to the
others

It 15 impossible to survey the ground covered in recent years by phy-
stologists and clinical investigators concerning the reaction of the pulmo-
nary circulation to various drugs Let us say that there 1s much confuston
because of differences 1n interpretation

M Knisely You asked what I thought about the smooth muscle on
the artery a while ago May I ask you now how you expect drugs to
work 1n a place where there 1sn’t any muscle?

Conrnand 1 have not said that there 1s no smooth musculature 1n
the pulmonary circulation, but rather that “arterioles” have no smooth
musculature Larger arteries have such a musculature My distinction
between systemic and pulmonary circulation was meant to emphasize
that you cannot speak 1n the latter circulation of artertolar stopcocks
The site of smooth musculature 1s on vessels of a larger drameter than
arterioles

Wilkins Is that only in normal lung or also in diseased lung as 1n
people with mutral stenosis?

Coninand Pathologists often hesitate actually to define the vessels
that they are seeing under the microscope As mentioned earlier, artert-
oles usually less than 100 microns have a very thin wall and their internal
diameter may be even larger than that of small muscular arteries This
1s 1n contrast to what 1s seen 1n the fetus where the media of the small
arteries 1s thick and the lumen very small In nutral stenosis, the small
caliber vessels acquire a thick med:a, but pathologists will hesitate to
define them further

To mention the effects of drugs, 1n human subjects the results are very
conflicting The drugs mostly tested have been epinephrine, arterenol,
and a few synthetic blocking agents but aside from measurements of
flow and pressures 1n the pulmonary artery, including wedge pressures,
there 1s little information as to what happens to pulmonary blood volume
or 1n the left heart and systemsc circulation Yet to decide whether the
effect of a drug 1s related to vasomotor control, all this hemodynamic
information 1s required, particularly that involving blood volume dis-
placement from one circulation to the other, as a result of 1ts effect on
the systemic vessels

M Kunsely There are species, and I think the mouse 1s one, 1n which
two njections of an antigenic material cause the pulmonary artery to
contract until nothing goes through at all I am always charmed by
statements about how much smooth muscle there 1s on a blood vessel
because they are frequently made with implications that the vessel can
or cannot contract because someone has or has not seen more or less of
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and of tracheobroncho-alvcolar gas has become so complex as almost
to defy imagination Briefly presented this concept states that alveolar
O tenston has an effect upon the capillary and postcapillary segment
of the pulmonary vascular bed and mixed venous O tension has an
oppostte cffect upon the precapillary segment (dilation)  Turthermore
CO 1 the gas and blood phases has opposite effects to that of O. i
these phases respectively and finally O, tension 1n the trachcobronchial
tree would indirectly affect flow by changes 1n the compliance of the
lungs In other words the mamntenance of vascular resistance 15 the
result of a set of coupled and opposite nfluences For those with
magnation such a concept 1s tempting but it will also requtre imagtna
tion to see how it could work

In normal man we (10) have observed the same phenomenon,
namely that anoxia causes a nise in pulmonary artery pressure which
1 not accounted for by a sufficiently large increase 1n pulmonary blood
flow

Rahn and Bahnson (42) among other studies on this subject 1n dogs
have tried to find out what happens when one lung only 1s ventilated
with a low-oxygen mixture On the basts of indirect data which re
quires a very involved although extremely elegant interpretation of a
gas exchange diagram, they concluded that in the dog anoxia caused a
shift of blood (1ncreased resistance) toward the normal lung This sup-
ported the obsenations of Dirken and Heemstra (43) on the rabbit
n which the arterial blood oxygen saturation returns to normal after
6 to 8 hours when one lung 15 breathing nitrogen

I would like to mention here that I agree with Rahn that 1 normal
man vanations 1o carbon dioxtde tension 1n the lungs has no effect upon
the pulmonary arterial pressure

As shown i Figure 54 if there 1s an effect 1n pulmonary disease
this may be accounted for by a significant increase 1 pulmonary blood
flow taking place 1n a reduced vascular bed In this figure the dark
block represents pressure and flow before breathing a muxture of 5 per
cent CO. mn awr and the white blocks the same measurements while
breathing this muxture. In normal subjects there 15 no significant change
wn flow or pressure In the patients with pulmonary disease whether
the pulmonary arterial pressure 1s high or normal to start with if there
15 no increase in flow there 13 no further changc 1n pressure in the pulmo-

nary artery  In the same patients the least degree of exerase caused a
marked increase i pressure

Merriman What 1s the final group’
Coxrnand These are patients with more extensive pulmonary disease
in whom the least increase 1n flow because of physical activity caused



190 Shock and Criculatory Homeostasis

latton may cause displacement of blood from one circulation to the
other In the normal pulmonary circulation, drugs will be said to have
a striking effect 1f the pressures vary by 5 to 10 mm Hg at most, but
normal variations in pressures may amount to 3 mm Hg and the error
in reading curves 1s of the same order, so that the margin of confidence
1s small 1ndeed

M Kmsely Have there been studies by competent neurological
methods aimed at finding tips of fibers and the tips of nerve endings
up and down this vascular tree?

Cowurnand There has been some work regarding the receptor, but
little, to my knowledge, regarding the effector

Met1zman: Hasn't Dr Geoffrey S Dawes* made studies along that
line?

Bascioft 1 cannot recollect any neurological work

Me11:man, Those are receptor, not effector, methods

Buiton His interest has been confined to the region near the heart
and pulmonary artery

EFFECTS OF ANOXIA UPON THE PULMONARY
CIRCULATION

Cowinand In 1942, Beyne (37), a French physiologist and a pupil
of Binet, demonstrated 1n the 1solated lung of dogs that, at a constant
pulmonary blood flow, the pulmonary artery pressure rose when the
animal was breathing a low oxygen mixture This appeared to be the
first expertment on the effect of hypoxia, until I was shown, while m
Germany, a photostatic copy of a report of Gauer and Wagner to the
Luftwaffe, demonstrating a systolic pressure rise i1n the right ventricle
of dogs during hypoxia In 1946, von Euler and Liljestrand (38) pub-
lished an extenstve and well documented study on the effects of the
gaseous composition of the alveolar gas upon the pulmonary circulation
These studies did not include measurements of blood flow, and the
anoxic stimulus was claimed to be local without intervention of nervous
reflexes Indeed, as a result of their own and of their collaborators’
investigations, Liljestrand, n 1948 (39), and von Euler, 1n 1951 (40),
pointed out a new physiologic mechanism whereby the local gaseous
composttion within separate units of the lungs could, without interven-
tion of the autonomic nervous system, regulate local alveolar perfusion
As a result of further studies by Nissel (41), the regulation of alveolar
perfuston by variations in gaseous composition of the circulatory blood

#Dr Dawes 1s at the Nuffield Institute for Mcdical Research, University of Oxford, Oxford,
England
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marhed increase in pulmonary artery pressuces  Simularly in those
cases where pulmonary flow increased during CO breathing and only
in those cases did the pressure nse

Only two cases 1n the whole series showed a pressure rise without
increase 1 blood flow the pressurc variations being at the limit of
significance

Montgomery These changes are all the result solcly of nhalation
of 5 per cent carbon droxide?

Cowrnand That 1s nght 5 per cent

Montgomery And the exercise part 1s solely to classify the patients?

Cosrnand 1say as a possible explanation for the increase in pressure
that the same increase 1n flow resulting from exercise has shown 1n this
same mndntdual a pressure rise

Kety Dr Cournand what do you think 1s the significance of the in
crease 1n flow 1n the two patients with only onc lung?

Cosrnand 1 have no immediate explanation but 1t seems significant
now that you call attention to it This may be due to a marked increase
tn ventilation

In Figure 55 taken from a paper by Rahn and Otis (11) the time
required for the O, uptahe and the respiratory quotient to return to the
control levels during the breathing of 2 13 11 and 10 per cent oxygen
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1n atr, 1s well illustrated A period of more than 30 mnutes 1s required
while breathing the 10 per cent mixture and therefore application of
the Fick formula to data obtained in the changing state before this
pertod of time has elapsed 1s unwarranted

In Table XII1, the same point s illustrated in data obtained n my
laboratory 1n collaboration with Fishman, Fritts, and Himmelstern It
shows that figures for O: uptake, V,,, arteriovenous difference, Cao,
Cvo,, and respiratory quotient, Ry, still vary after 5 minutes, and that
blood flow, Q, calculated from these figures would be totally misleading

In Table XIV, however, all measurements of the circulation were
made at a time when a new steady state had taken place after anoxic
breathing had been ntiated The flow increase s the greater the greater
the reduction 1n arterial blood O, saturation, Sa,,

As for the pressure r1se 1n the pulmonary artery, there 1s also, as seen
in Table XV, a gross relationship between the increase 1n pressure, the
increase in flow, and the drop in artersal blood O: saturation For 1n-
stance, 1n one individual where arterial blood O saturation declined
to GO per cent, the pulmonary artery pressure rose by 12 mm Hg while
the flow increased by 20 per cent But the relationship 1s not always
so straight Hurlimann and Wiggers (44), who have studied this prob-
lem of anoxia upon the pulmonary ctrculation in dogs, have concluded
that besides the low changes, there 1s some additional factor to explamn
the pressure rise in the pulmonary artery

To emphasize the probable role of the arterial anoxemia, data are
presented 1n Figure 56 which seem to indicate that 1n patients with
pulmonary emphysema, the pressure 1n the pulmonary artery 1s related
to the degree of arterial blood O: unsaturation

The effects of exercise and of acute anoxia upon pulmonary blood
flow and pressure are compared in Figure 57 The mean blood flow
changes during exercise, although greater than during hypoxia in the
same five indrviduals, resulted 1n a much lower pulmonary artery blood
pressure rise, obviously, bestdes the increase in blood flow, some other
factor must play a part n the latter state In the right part of the same
figure, it 1s 1nteresting to point out that 1n indrviduals with one single
normal lung and therefore with a much reduced vascular bed, the in-
crease 1n blood flow alone, 1n both exercise and anoxia, might explan
the pulmonary artery pressure rise

Since an increase 1n precapillary resistance may be ivoked to explain
the pressure rise 1n the pulmonary artery, and since the variations n the
mixed venous blood O. tension may have some effect upon the walls of

the precapnllary pulmonary bed, Dr T'ishman, Dr Frtts, and Dr Him-
melstein (45), to whom | owe much for their help n the studies pre-
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TABLF \\

Pulmonan Artery Pressure and Tlow During Acute
Hypovia i Normal Subjects

Pulmonary Artery | Cardiac Index
Mean Pressure  |™Control Hypoxia
Subject Control 1 min/ | ! ma/
mm Hg | mm Hg m? m?
HP 16 286 322
HR 5 290 331
AF 11 71 10 3N 355
HP 12 65 17 387 449
BJ 14 87 11 313 340
EJ 14 83 1 430 468
GH 12 84 10 350 408
HM 12 78 18 263 343
| Mean [ 14 ‘ 20 \ 335 | 380
+6 mm Hg +12%

Fuhmao, A P Fnts H W Jr Himmelstein A end Cournand A (Unpublished data)

ditions of untlateral hypoxia, have endeavored to estimate the Oz ten
sion i the pulmonary venous blood leaving the hypoxic lung by an
equilibration technic We completely broke with this tradition

The muxture given to one lung was 25 per cent oxygen in nitrogen
With such a muxture 1t can be assumed and easily demonstrated that
the pulmonary venous blood leaving the lung 1s fully saturated and
that the amount of Oz 1n solution 1n the plasma ts not greater nor less
than that of arteral blood of the same subject after equilibration with
room atr at sea level.

Under these conditions the oxygen content of the pulmonary venous
blood of the lung breathing a mixture of 25 per cent oxygen 1n nitrogen
15 considered to be identical to the oxygen capacity of the artenial blood
Should the breathing mixture be significantly hugher this no longer

would be true Thus being a crucial assumption, I would ke to hear any
question that may be ratsed
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TABLE XTIV

The Effect of Twenty Minutes of Hypoxia Upon the
Pulmonary Blood Flow

Number Sa O, v O, Q
Group |of Cases State % R |ml/min/m? | 1/min/m?
Control (1) | 964 | 85 138 3 40
: > Hypoxic (2) [ 824 | 94 143 3 81
Control (1) | 950 87 125 292
1 ? Hypoxic (2) | 699 | 99 125 354

Fishman, A P, Frtts, H W, Jr, Himmelstein, A , and Cournand, A (Unpublished data)

sented here, analyzed the data in all individuals 1n whom exercise and
acute anoxta were induced successtvely They retained four cases in
whom the mixed venous blood O- tensions were 1dentical 1n both states
The results pictured 1n Figure 58 show clearly that although during
exercise the pulmonary blood flow was much larger than during acute
anoxia, the pressure rise was somewhat less

Although this 1s indirect evidence, 1t would seem fair to conclude
that variation of O- tension 1n the mixed venous blood s not the factor
which solely determines pulmonary artery pressure rise by increasing
the precapillary vascular resistance

We come now to what constitutes the most interesting approach to
the problem of the effects of acute hypoxia upon the pulmonary ctrcu-
lation 1n man Although we had been planning these experiments for
many years, 1t 1s only in the past 2 years that, with the joint efforts of
Fishman, Himmelstemn, and Fritts (45), cardiac catheterization and
bronchospirometry were actually performed simultaneously in the same
individuals and became part of a method for the determination of blood
flow through each lung separately Of course, the considerable skill
and experience of Himmelstein with both technics assured its success
with a2 minimum of risk Very efficient teamwork was also required The
method has been described elsewhere in detail (46) and only a fcw

important points will be made here
So far, all mnvestigators who uscd the bronchosptrometric method 1n

order to determine blood flow through cach lung separatcly, undcr con-
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FIGURE 56 Relation between arterial oxygen saturatton and mean pulmonary
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and 1n chronic cardiopulmonary diseases  Circulation 2, 641, (1950)
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FIGURE 59 Schematic representation of a method for measurement of separate
pulmonary blood flow through each lung Reprinted, by permussion, from Fish
man, A P, Himmelstein A Frtts H W Jr and Cournand, A Blood flow

through exch lung 1n man during unilateral hypoxa / Clin Insvestigation 34,
637 (1955)

breathing air the day before and assume that pulmonary vein blood was
the same the day of the experiment?

Cosrnand Because we endeavor to be as accurate as possible The
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EXERCISE 12 % OXYGEN
105 ar
e ///
R
30 30
MEAN PA PRE RE
WA 19 21
MEAN CARDAC INDEX
ML /MIN /M2 4-67 3-54

FiGurr 58 Mean PA pressure and flow in four normal subjects at same mixed
venous pO, during exercisc and hypoxta Fishman, A P, Fritts, H W | Jr, Him-
melstein, A, and Cournand, A (Unpublished data)

Wilkins Pulmonary venous blood means wedged catheter blood
Is that how you get 1t?

Coutnand No, the pulmonary venous blood 1s assumed to have the
same composition as the arterial blood after equilibration with room
arr While breathing 25 per cent O: 1n mtrogen, the error cannot be
greater than 0 1 volume per cent

Kety That also assumes, then, that the ratio of ventilation to per-
fusion remains the same when one lung 1s hypoxic as 1t was when both
lungs were breathing the same oxygen tension

Cowntnand Even 1f 1t changed, 1t would not make any difference 1n
the calculation of separate pulmonary blood flow

The principle of the method and the calculations are presented 1n
Figure 59 Total pulmonary blood flow s calculated with the usual
data Oz uptake of both lungs, and arteriovenous O: content difference
The flow through the lung breathing 25 per cent O» in nitrogen, 1s
calculated using (&) the O: uptake of this lung measured separately,
and (/) arterial blood O: capacity—mixed venous blood O: content dif-
ference The flow through the other lung, whatever mixture 1t breathes,
room atr or low oxygen, 1s calculated by difference

Wood What was the objective of getting the arterial blood 100 per
cent saturated? Why couldn’t you have made the determination when
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TABLE \VI

Succestnne Determinations of Total Blood Flow and Blood Flow
Through One Lung Prior to and During Unilateral Hypoxia

203

Time of Q
Exposure Q. |<u
Subject State m l/m1;n l/n':‘m Q. x 100
HJ Control 10 575 267 46
Control 15 658 291 44
Hypoxic 13 656 305 46
Hypoxic 20 688 340 49
DC Control 15 818 424 52
Hypoxic 1% 758 390 51
Hypoxic 25 960 474 49
Control 15 776 333 43
GH Control 10 678 249 37
Control 15 691 348 50
Hypoxic 15 610 303 50
PT Control 10 974 524 54
Control 15 1018 634 62
Hypoxic 15 988 572 58
Hypoxic 20 934 562 &
]S Control 10 800 289 36
Hypoxic 15 834 291 35
Control 10 767 332 43
RR Control 10 775 412 52
Control 15 690 327 48
Hypoxic 15 735 355 48
Hypoxic 25 772 414 54

Lr

Reprunted by w5100 from Fi A
nd Courmand A Blood fow threush cach b e o umets B %

gh each lung 1in man duning unilateral

ypoxta. | Clin Iniestigation 34 637 (1935)
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difference in pulmonary venous O: content while breathing room air
as compared with 25 per cent O» might introduce an error of 3 or 4
per cent

Wood 1would think your assumption, that the pulmonary vein blood
was the same the day before when you were breathing the 25 per cent
oxygen, would not have been any worse if you just let the person breathe
arr 1 do not see quite why that should cut down the error 1n the
assumption 1 agree with you that probably the assumption will not
seriously interfere with your experiment

Kety. The hemoglobin association curve s a little steeper at that point
than 1t would be at 100 per cent, and the error might be somewhat
larger

Wood Yes, that 1s true Of course, 1t 1s fiction that the hemoglobin
1s completely saturated at that tension (47), but 1t 15 a good point, you
would get 1n a flatter portion of the dissociation curve

Cowinand May 1 say, Dr Wood, that the A-V differences 1n these
patients to whom we give atropine to avoird secretions are not great
Furthermore, we must be assured that the alveolar O: tension remains
around 120 to 130 mm Hg, otherwise the measured blood flow through
that lung could be 1n serious error

In Table XVI the results of six experiments are summarized It
shows that between the control period and the acute anoxic period, total,
Qr, and unilateral, Q,, pulmonary blood flow did not change sig-
nificantly

Furthermore, there was no increase in pulmonary artery pressure In
summary, we can retain the following facts Under conditions of acute
unilateral hypoxia assoctated with a limited degree of arterial blood
hypoxemia, there was, (2) no shift of blood from the hypoxic lung,
and (b) no pressure rise 1n the pulmonary artery

Aviado (48) and his collaborators have recently concluded from
experiments on dogs that the pressure rise 1n the pulmonary artery
assoclated with acute hypoxia is due to the effects of the reduced O:
tension of the arterial blood upon the carotid body chemoreceptors, with
stimulation of reflexes affecting the pulmonary vascular bed

Work actually under progress tends to show that with a greater re-
duction 1n artertal blood O- tension, a pressure rise 1n the pulmonary
artery will occur under conditions of the experiment described above,
but that complete denervation of the lung 1n man will not prevent the
pressure rise

These, and other studtes, actually 1n progress, concerning particularly
the effects of anoxia upon the central blood volume, lead us to believe
that the pressure rise in the pulmonary artery 1s probably accounted for
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of Minnesota, 1955
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sure (mutral lesions and pulmonary embolism)  Crreal Res 1
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by hemodynamic changes not involving vasomotoricity («) the increase
i flow and, (/) the encroachment upon the pulmonary artery dis-
tensibality associated with an increase 1n pulmonary blood volume

We have repeated anoxia studies after extensive sympathectomy with
removal of the stellate, the first four dorsal, and, 1n one case, of the
median cervical ganglia, the effect of acute anoxia persists The pulmo-
nary pressure goes up in exactly the same manner

Wilkins: We have made the same observation Dr William Hol-
lander and Dr Walter E Judson 1n our laboratory have studied this
problem extenstvely and they finally came to the same method and
showed that as far as we were able to determine the sympathetic nervous
system, or at least that part that can be removed by surgery, from the
stellate through the fifth dorsal ganglion, 1s not necessary for the ap-
pearance of the rise 1n pulmonary arterial pressure that occurs with 10
per cent oxygen breathing
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FiGURE 60 The resptratory f ency tidal volume, and munute ventilation
volume for six chservation periods during hemorrhagic hypotension  Hypoten
sion was muntained at 40 to 45 mm Hg for 55 munutes wsing 2 modified reser
vour techme after which the reservorr was clamped off and the ammal followed
for a further 45 minutes After 65 minutes halt the amumals received priscoline
After 100 minutes of hypotension all the reservoir blood was reinfused Dogs
breathed room air throughout the cxpeniment  Nine survivors i open bars
mine fatalities 1a stippled bars

groups on the basis of their dead space volumes during shock  One
group of three dogs had no significant change 1n the physiological dead



THE PULMONARY CIRCULATION IN
HEMORRHAGIC SHOCK

E MERRIMAN

Departments of Physiology and Medicine
College of Medicine, Unversity of Saskatchewan

DURING THL SUMMLR of 1953, at the University of Western Ontarto,
I'had the opportunity of studying some aspects of the pulmonary circula-
tion 1n shock At that time the Department of Physiology* was investt-
gating the problem of hemorrhagic hypotensive shock 1n the dog, using
a modified Wiggers' technic (1) My results can be divided into two
parts, the first dealing with the ventilation, and the second with the oxy-
gen saturation of the arterial blood We have no adequate pressure
measurements

VENTILATION VOLUMELS

The ventilation volumes were measured 1n eighteen experiments,
with the animals breathing room air Figure 60 shows the average
values The respiratory frequency, tidal volume, and mnute ventilation
volume are shown from above down The pertod of hemorrhagic hypo-
tenston (duration—100 minutes) 1s shown at the bottom of the Figure
The nime survivors are shown in open bars and the nine fatalities 1n
stippled bars You will notice that the minute volume of ventilation 1s
markedly increased during shock and 1s approximately the same in both
groups In the survivors, the respiratory rate i1s somewhat faster and
the tidal volume somewhat less than 1n the fatalities

Hertzman (2), Henderson (3), and Wiggers (4) showed that the
munute volume of ventilation increased markedly during shock, and the
magnitude of this increase bore a close correlation to the severity of
shock Our findings are 1n complete agreement In eleven of these dogs,
additional measurements were made, which allowed the calculation of

the volume of the physiological dead space
It was noted that these eleven dogs could be divided nto three

#This work was aided, 1n part, by grants from the Defence Rescarch Boatd of Canada and
the Ontario Heart Foundation
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space during the experiment Another group of five dogs had a definite
increase 1n physiological dead space during the hypotensive period of
shock, which returned to control values at one hour post remnfusion The
remaining three dogs had a slight increase 1n dead space during shock

Figure 61 shows this difference graphically There was no relation
between survival and the increase in dead space volume In this slide
the mean tidal volume in ml /kg 1s shown during the course of the ex-
pertment The stippled area of the column represents the phystological
dead space The difference between the tidal volume and the dead
space 1s the alveolar ventilation per breath In group three, the dead
space remains unchanged throughout the experiment, and the tidal
volume actually decreases In group one, the physiological dead space
increases markedly during shock and at 95 minutes of hypotenston, the
mean dead space volume has doubled the control value, whereas the
tidal volume has increased by 63 per cent At one hour post-remnfusion,
the values for physiological dead space and tidal volume have returned
toward normal levels The other group shows values which are in be-
tween

M Knisely How did you 1nitiate the shock?

Mer1zman  This was done by bleeding from the femoral artery into
a reservotr until a hypotensive level of erther 40 or 45 mm Hg was
obtained

Comtnand Perhaps all the members of the group are not familiar
with the dispute among phystologists concerning the definition of pul-
monary dead space?

Merizman Would you like to elaboiate on this?

Cominand Very briefly, the dead space ventilation 1s the equivalent
of a volume of mspired gas which 1s not modified n 1ts composition by
contact with the circulating blood It 1s not a spatial measurement but
rather a dynamic measurement Is this definition correct according to

ou”’

’ Meir1zman  That 1s correct In other words, the physiological dead
space 1s that portion of the tidal volume that does not undergo gas
exchange Thus some animals showed an increase in dead space during
shock, while other animals did not In those in which the dead space
increased, the tidal volume also increased

It occurred to us that if more frequent observations of tidal volume
could be made, more information might be gained about the dead space
changes, since from our experiments, the alveolar venttlation per breath
usually remained about the same, and a sudden increase 1n tidal volume

might mean an increase 1n dead space
An additional five experiments were made, this time with the dog 1n-
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spiring pure oxygen Minute to munute values for respiratory fre-
quency and total volume inspired, were taken for periods of 8 minutes,
at frequent intervals during the experiment Dead space volumes, how-
ever, were not measured

In four out of these five experiments, we did observe that at some
time during the first 30 mm of hypotension, the tidal volume suddenly
increased

In Table XVII, the values for tidal volume, respiratory frequency,
and minute volume of inspired oxygen are shown for one of these dogs
I would like you to notice particularly the change in tidal volume
During the control period, the tidal volume was large associated with
the very slow resptration rate  During the early hypotenstve period, the
tidal volume decreased while the respiratory frequency increased From
24 to 27 munutes, the average tidal volume was 137 ml and the respir-
atory frequency, 47 per minute TFollowing this, the tidal volume in-
creased over a 3-minute period from 137 to 190 ml From 43 to 51
minutes of hypotension, the individual values for tidal volume did not
differ significantly from each other and the mean value of 201 ml was
very stmilar to the value at 31 minutes In this experiment, if our average
value for dead space 1n ml /kg 1s used, and if it 1s assumed that the
alveolar ventilation per minute remained the same from 24 to 31 min-
utes, then the volume of the dead space would have increased by 37
per cent On the other hand, if the value for dead space had remained
unchanged, then the alveolar ventilation per mimnute at 30 minutes of
hypotenston would have increased by 63 per cent 1n an terval of ap-
proximately 3 minutes

I cannot say what happened to the physiological dead space in this
case because I did not measure it However, the only conclusion one
can safely draw from these experiments s that these figures are very in-
teresting In retrospect, I wish additional measurements could have
been made

Why, then, did some animals show an increase in phystological dead
space during shock, which returned to control values at one hour post
reinfusion? This means, by definition, that an addstional portion of the
tidal volume did not undergo gas exchange This could only occur if
some alveolt were ventilated, but not perfused In other words, the flow
of blood must have ceased through a portion of the pulmonary capillary
circulation, while these alveolr continued to be ventilated

The next problem to consider 1s why there should be a cessation of
flow through a portion of the pulmonary vascular bed? We made no
measurements of the pressures tn the pulmonary circurt during shock,
and I have found few references on this subject From here on, I can



The Puimonary Crenlation i Shock 215

of hemorrhagte hypotension and second 10 the group which died De
termnations w ere made during the control period 1 and 2 at 50 75 and
95 minutes of hypotension 5 4 and 5 and one hour after the remfu
ston of all resenoir blood 6

In Table \VIII the ndividual values for each dog are shown for
the six experimental periods Y ou will notice that the mean values for
all six periods do not differ significantly from each other Howesver
when the differences in cach dog are followed during the experiment
especially betwcen columns 2 and 3 some values increase some remain
unchanged while others actually decrease

Table NI\ shows the results in the amimals which died following

TABLF \VIII

Per Cent Oxygen Saturation of Arterial Blood 1n Dogs Which
Survived 100 Minuter of Hemorrhagie Ivpotension

PER CENT SATURATION OI ARTERIAL BLOOD SURVIVORS

1 2 3 4 5 6*
Control | Control | SO min | 75 min | 9% min
895 890 940
930 950 980

906 935 926 927 911
916 883 892 929 913
940 950 943 928 901
935 940 952 945 889
924 860 890 90 4 821

910 921 931 908

*One hour after reinfusion of all reservorr blood
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only theorize Rounthwaite, Scott, and Gurd ( 5) from Montreal mea-
sured both pulmonary artery and pulmonary vein pressures n hemor-
rhagic shock and found no evidence of an increased pressure gradient
Values for pulmonary arteriolar reststance were not given n their paper

However, many observers have noted that the lungs in hemorrhagic
hypotension are dry and bloodless It has also been well documented
that vasoconstriction develops in other vascular beds in shock, so st
appears not unreasonable to suppose that vasoconstriction might also
occur in the pulmonary vascular system

If vasoconstriction occurs during shock, and «f the pulmonary arter-
1olar resistance 1s greater in certain areas of the lung than elsewhere 1n
the lung, then “critical closure” of some part of the pulmonary vascular
system might occur While I have made no measurements of critical
closing pressure during shock, this concept appears, to me at least, to
offer an explanation as to why the flow of blood to a certain portion
of the pulmonary parenchyma might cease However, there may be
other explanations for the cessation of flow

In summary, and working backward, the following sequence would
be an hypothesis to explain some of my findings I stress this word hypo-
thests, sitnce my data are incomplete During hemorrhagic shock, the
pulmonary artertolar resistance increases, and this 1s largely because of
vasoconstriction of the pulmonary arterioles In some areas tn the lung,
this vasoconstriction will be more marked than elsewhere In these
areas, the available pressure gradient necessary for the flow of blood
through these vasoconstricted arterioles 1s 1nsuffictent, and these arter:-
oles will “critically close” Thus the flow of blood through a portton
of the pulmonary vascular bed will cease, while the alveol: 1n this por-
tion of the lung continue to be ventilated As a result, no gas exchange
will occur across the alveolar membrane and respiratory studies will
show an increase 1n phystological dead space

BLOOD OXYGEN STUDILES

The second group of observations that I would like to discuss concerns
the values for per cent saturation of arterial blood which we found dur-
ing shock It will be remembered that these anesthetized animals are
hypoventilating during the control period, and their control per cent
saturation therefore will be below normal However, during the hypo-
tensive perlod of shock these animals are hyperventilating and one
would expect an increase, above control values, in the per cent satura-
tion of arterial blood

The next two tables show our values for per cent saturation of arter1-
al blood, first in the group of seven dogs which survived 100 minutes
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our procedure of administering shock stimuli  Again we see the same
type of response, the mean for all the animals shows that the per cent
arterial saturation during shock does not change apprectably from con-
trol values However, some values during the hypotensive period have
increased (especially dog X-11 1n which the values increased from 81
to 99 per cent), in some dogs the values have not changed, while n
others the per cent saturation has actually decreased during shock
When the thirty-three individual values for per cent saturation of
artersal blood, obtained during the hypotensive period of shock, are

TABLE XIX
Per Cent Oxygen Saturation of Arterial Blood in Dogs Which

Died Following Hemorrhagic Shock

1 2 \ / 6
3 5
PER CENT SATURATION OF ARTERIAL BLOOD FATALITIES
1 2 3 4 5 6*
Control | Control | 50 min | 75 mun | 95 mun

X-10 915 917 828 89 2 93 4
X -11 884 811 995 880 905

X-12 90 6 893 860
X -23% 927 923 953 889
X- 4 820 84 4 827 960
X-15 89 4 935 955 94 0 92 6 939
X -16 911 06 4 961 94 8
X-17 937 029 94 3 94 1
Mean 899 90 2 915 920 920 8 94 4

+One hour aftcr reinfuston of all rescrvorr blood
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The A A osygen gradient returned toward normal values one hour
after the remfusion of all the reservoir blood

2 &0 a-dog X 19

€ b~ dog X-2I

£ 0 c- dog X-22
E d-dog X-11

% 20

[

<« 0

Time O 50 75 95 160 min
PERIOD OF
HYPOTENSION

FiGURE 63 Alveolar artenial (A A) oxygen gradients 1n four expenments (three
survivors oae fatality) duning hemorrhagic hypotension

Other workers 1n the past have measured the per cent saturation of
arteral blood during shock Dot (6) n 1921 found no difference fol
lowing hemorrhage in the cat However 1n 1943 Cournand Riley and
Bradley (7) reported on their studies of the circulation in clinical shock
and found normal values in four cases of hemorrhage

In 1944 Engel Harrison and Long (8) quoted Price 39) as saying
that the per cent arterial saturation showed little change durning shock
except termnally Engel et al record data on one cat with a systemic
blood pressure of 50 mm Hg 1n which the blood was 85 per cent satur
ated and another cat with a blood pressure of 40 mm Hg i which
the saturation was 90 per cent  Wiggers (4) stated that neither anox
emic of anemuc anoxia occurred during the development of normovol
emuc shock

Other nvestigators have measured the hematocrt and the arterral
oxygen content during shock and from such studies an tdea of direc
tional change 1n per cent saturation of arterial blood can be denved if
ce.rtal:h f:;‘ctors T;!c: ta.li]en nto constderation When hemodilutton oc
curs the hemoglobin hematocnt and oxygen capaaty of the blood will
be reduced and the hemoglobin and oxyxgyfn LapEcxtyry\ull show parallel
changes However the hematocrit changes may not exactly parallel the
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grouped, eleven were less than 90 per cent and twenty-two were greater
than 90 per cent Thus, 1n our experiments, regardless of whether or
not the dog subsequently survived, the average per cent saturation of
arterial blood showed little change during the course of hemorrhagic
hypotensive shock

In eleven experiments, the alveolar and artersal oxygen tenstons were
calculated Figure 62 shows these individual values, their mean values,
and the mean alveolo-arterial oxygen gradsents before, during, and after
100 minutes of hemorrhagic hypotenston The average alveolar oxygen
tension increased from a control value of 81 mm Hg to 119 mm Hg at
50 minutes of hypotension, and remained elevated during the remainder
of the hypotensive period The arterial oxygen tensions, on the other
hand, changed very little during the experiment The average A-A gra-
dients therefore show marked changes, rising from a control of 7 5 mm
Hg to 39 mm Hg—the average of the hypotenstve periods The gra-
dient at one hour post reinfusion was 22 mm Hg

Contnand Are these figures based on the partial pressure of carbon
dioxide 1n the blood?

Merizman 1 have calculated the alveolar oxygen tension (Pao,)
from the alveolar air equation The value for the arterial tenston of

carbon dioxide (PaCO:), derived from the Henderson-Hasselbalch
equation, 1s substituted 1n the alveolar air equation

Couinand Are these determined from the standard dissociation
curve’

Merszman Yes, the oxygen tension 1s derived from oxygen dissocia-
tion curves

Cominand 1 should be a little hesitant to measure gradients on the
basis of these data

Mersrman 1 agree, Dr Cournand, that these are not the best methods,
but they were the only ones that were available

Figure 63 shows the values for the A-A gradients in four dogs It
shows the variations in the same animal at different times during an
expertment Dog X-22, shown n line ¢, for instance, had an oxygen
gradient of 17 mm Hg at 50 and 75 minutes of hypotension, but at 95
munutes the gradient was 32 mm Hg In others, the gradient 1s large
at 50 munutes of hypotension, while later in the hypotensive per;od
it may become etther larger or smaller Of the twenty-nme alveolar-
arterial oxygen gradients determined during the hypotensive pertod of
shock, seven were less than 30 mm Hg, and 22 werc greater than
30 mm Hg This increased gradient was due to the markedly increased
alveolar oxygen tension with the arterial oxygen tenston changing little
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The A A oxygen gradient returned toward normal values one hour
after the reinfusion of all the resenvotr blood

¥ g0 a-dog X 19
b- dog X-2I

s 60 c-dog X-22
d-dog X LI

g 40

S 20

o

< ©

Time 2] 50 75 85 160 min
PERIOD OF
HYPOTENSION

FiGure 63 Alveolar artertal (A A) oxygen gradients in four expeniments (three
survrvors one fatabty) dunming hemorrhagic hypotension

Other workers 1n the past have measured the per cent saturation of
arterial blood during shoch Dot (6) 1n 1921 found no difference fol
lowing hemorrhage in the cat However 1n 1943 Cournand Riley and
Bradley (7) reported on their studtes of the circulation 1n chinical shock
and found pormal values 1n four cases of hemorrhage

In 1944 Engel Harrison and Long (8) quoted Price (9) as saying
that the per cent arteral saturation showed little change during shock
except termunally Engel et al record data on one cat with a systemic
blood pressure of 50 mm Hg in which the blood was 85 per cent satur
ated, and another cat with a blood pressure of 40 mm Hg in which
the saturation was 90 per cent Wiggers (4) stated that netther anox
emtc Or anemuc anoxia occurred during the development of normovol
emic shock

Other investigators have measured the hematocrit and the artersal
oxygen content during shoch and from such studies an 1dea of direc
tional change 1n per cent saturation of artersal blood can be derved if
certan factors are taken into consideration  When hemodilution oc
curs the hemoglobin hematocrit and oxygen capacity of the blood w1l
be reduced and the hemoglobin and oxygen capacity wll show parallel
changes However the hematocrit changes may not exactly parallel the
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hemoglobin changes The ratio of the hemoglobin to the hematocrit
1s the mean corpuscular hemoglobin concentration (MCHC) and a
change n this index has been shown 1n acute expertments to be an index
of the movement of water in and out of the red cell (10, 11)

In our studies, we found that the M CH C changed only slightly
during the hypotensive phase of hemorrhagic shock and the direction
of the change was not always the same During the hypotensive period,
the M CH C decreased on the average by only 2 per cent, and returned
to slightly above control values at one hour post remnfusion For all
practical purposes, therefore, the hemoglobin, hematocrit and oxygen
capacity of the blood will change proportionately during hemorrhagic
shock

Beecher et a/ (12), 1n a study of the “‘shock delaying” action of the
barbiturates, presented values 1n thirteen dogs for hematocrit and arterial
oxygen content during the control period and durng hemorrhagic
shock, under the conditions of ether with room air and sodmam amytal
with room air

Table XX shows their values for hematocrit, Hct, and arterial oxygen
content, 1n the hemorrhage experiments with dogs anesthetized with
sodium amytal and breathing room air From these values, I have calcu-

TABLE XX

Arterial Oxygen Content and Hematocrit 1n
Hemorrhage Experiments (12)

Hematocrit Arterial O, Content | Ratio A,

Vols % T X 100

Dog = Control | Shock | Control | Shock | Control | Shock
14 356 338 140 141 394 417
15 291 286 110 111 378 388
16 384 329 114 130 297 395
17 39 4 392 14 2 160 360 408
18 389 54 7 149 18 8 383 344
19 427 538 158 201 370 374
20 437 427 177 173 405 40 6
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lated the ratio Ao./Hct x 100 If the hematocnit rematned the same as
for example m his dog 17 and the artenial oxygen content ncreased
then this ratio will also increase signifying an mncrease 1n the per cent
saturation of the arterial blood The following are the values for this
ratio  The first four dogs show an increase 1n the ratto dog 18 how
ever, shows a drop 1n this ratio from 38 3 to 34 { In the other two
dogs this ratio does not change In Beechers thirteen experiments
the ratio Ao, x 100
Hct
8 unchanged 1n 3 and a decrease 1n 2
Thus if the M C.H C. remained unchanged eight of his ammals
showed an tncrease in per cent saturation during hemorrhagic shock

during shock changed as follows an increase n

TABLF \AI

Arterial Oxygen Content and Hematoernt (4)

OLIGEMIC
SHOCK NORMOVOLEMIC SHOCK
Control
Early Compens | Progres
30-mm | Critial j atory sive Termunal

pened | stage stage stage stage
Ao, | 88 87 95 109 117 11
MT 11 Hct | 210 | 210 210 | 265 270 250

Ao | 418 | 414 | 451 | 412 | 433 | 444

Ao, | 129 | 155 141 145 155 155
MT 14 Het | 300 | 370 370 335 395 360

Aol q30 {418 | 381 | 432 | 392 | 430

Het
Ao, | 196 | 182 | 189 | 235 224
MT 19 Hct | 470 | 470 | 490 | s¢o 510
4o 417
e x 100 387 | 386 | 420 440
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hemoglobin changes The ratio of the hemoglobin to the hematocrit
1s the mean corpuscular hemoglobin concentration (M CHC) and a
change 1n this index has been shown 1n acute experiments to be an index
of the movement of water 1n and out of the red cell (10, 11)

In our studies, we found that the M CH C changed only slightly
during the hypotensive phase of hemorrhagic shock and the direction
of the change was not always the same During the hypotensive period,
the M CH C decreased on the average by only 2 per cent, and returned
to slightly above control values at one hour post remnfusion For all
practical purposes, therefore, the hemoglobin, hematocrit and oxygen
capacity of the blood will change proportionately during hemorrhagic
shock

Beecher et al (12), in a study of the “shock delaying” action of the
barbiturates, presented values in thirteen dogs for hematocrit and artersal
oxygen content during the control period and during hemorrhagic
shock, under the conditions of ether with room air and sodium amytal
with room air

Table XX shows their values for hematocrit, Hct, and arterial oxygen
content, 1n the hemorrhage experiments with dogs anesthetized with
sodium amytal and breathing room air From these values, I have calcu-

TABLE XX

Arterial Oxygen Content and Hematocrit in
Hemorrhage Experiments (12)

Hematocrit Arterial O, Content | Ratio A,

Vols % Ha < 100

Dog # Control | Shock | Control | Shock | Control | Shock
14 356 338 140 141 39 4 417
15 291 286 110 111 378 388
16 38 4 329 114 130 297 395
17 39 4 392 142 160 360 408
18 389 54 7 149 188 383 34 4
19 427 538 158 201 370 374
20 437 427 177 173 405 406
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mately 15 to 20 per cent of the cardiac output would have to be shunted
to explain these differences assuming A V O: difference of 5 volumes
per cent

Berggren (15) found an 11 mm A A oxygen gradient 1n subjects
breathing pure oxygen Assuming a normal arteriovenous oxjgen dif
ference he concluded that 0 6 per cent of the arculating artersal blood
was of venous ongin It appetrs therefore that the A A gradient for
oxygen in normal dogs breathing room air 1s mamnly caused by the
uneven distributton of inspired arr Our mean control A A gradient of
75 mm Hg would be 1n agreement with these obsenvations  Whether
or not there 1s a small amount of venous admunvture to arterialized
blood 1n normal dogs 1s 2 pomnt worthy of discussion

To test the hypothesis of venous admixture to artenalized blood an
additional five expeniments were made tn June 1954 The same method
of inducng shock was used although the hy potensive level was shightly
higher 48 mm Hg The dogs were ginven 100 per cent oxygen to
breathe for 7 and sometimes 15 mrnutes before an arterial sample of
blood was withdrawn for analysis of oxygen content and hemoglobin
These samples were obtarned duning the control period at frequent 1n
tenals duning the hypotensive period and again after the reinfusion of
all the resenoir blood  All samples were analyzed tmmediately Trom
the hemoglobin determination the value for 100 per cent saturation
was obtained The difference between the arterial oxygen content and
this value for 100 per cent saturation represents the volume of dissolved
oxygen.

Table XXII shows our results for the amount of dissolved oxygen
n volumes per cent at the various time periods  During some control
and post resnfusion periods a second astenal sample was obtamned after
the subject had 1nspired pure oxygen for 15 minutes The volume of
dssolved oxygen 1s calculated by subtracting the value for 100 per cent
saturation, determuned from the hemoglobin content from the value for
the artenial oxygen content

It will be noted that the volume of dissolved oxygen after 15 minutes
of 100 per cent oxygen breathing was less than that at 7 minutes This
occurred 1n six out of seven mstances most of which were during the
control pertod  1n dog X 26 the control values for dissolved oxygen are
in the nerghborhood of 12 volumes per cent  The values at 95 minutes
of hypotenston, and after the reinfusion of blood, are constderably
higher than dunng the control penod  Although the control bloods
clotted 1n dog X 27 the post infusion values are again greater than the
average control values It will be noted however that during the hypo-
tenstve period of shock, the values for dissolved oxXygen vary some
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three showed no change, and two animals showed a decrease in per cent
arterial oxygen saturation during shock

Wiggers, in his book, “Physiology of Shock” (4), presented values
i five dogs, for hematocrit and oxygen content, during the course of
hemorrhagic shock I have calculated the ratio A,,/Hct x 100 and
the data for three of his dogs are shown in Table XXI In dog MT 11,
the ratio remained unchanged during the early 30-minute pertod of hypo-
tenston and then increased during the critical period of oligemic shock
During normovolemic shock, the ratio decreased and later increased
again to above the control value In dogs MT 14 and MT 19, the ratio
showed a progressive fall during oligemic shock, and increased to or
above control values during normovolemic shock

It appears that 1n some of Wiggers’ experiments, there was no change
in per cent artersal saturation, in some there was an increase, but many
determinations showed a value for calculated per cent saturation of
arter1al blood below control values These findings, therefore, are sim-
tlar to our own

The question which now arises 1s What 1s the explanation for the
marked degree of arterial oxygen unsaturation and the large A-A grad-
tent which develops in some animals during the hypotenstve pertod of
shock?

The A-A gradient found 1n the normal dog breathing room air s
believed to be caused chiefly by the uneven distribution of ispired air
into the different alveols of the lung (13, 14) As a result, some alveol:
will be underventilated, and some hyperventilated The net effect be-
cause of the shape of the O dissoctation curve will be that the value for
arterial oxygen tension will be lower than that which would exist 1f all
alveols had the same oxygen tension By gradient studies, a diffusional
barrier to oxygen transfer has been shown not to exist 1 the normal
dog’s lung, during the inspiration of 12 to 15 per cent oxygen

The other factor which must be considered 1n explaining an A-A
gradient 1s whether or not venous blood enters the arterial circulation
without undergoing gas exchange This s referred to as venous ad-
mixture Williams (14) observed that when dogs were gtven pure oxy-
gen to breathe, there was, at the most, only a small difference between
alveolar and arterial oxygen tensions He went on to say that if the
gradent of 14 mm Hg, which he observed during the breathing of
room atr, was caused by venous admixture to arterialized blood, a grad-
sent of 100 mm Hg would result during the mspiration of 100 per cent
OMS’%:Emd (13) stated that if the direct shunting of venous blood alonc
were responsible for the gradient whilc breathing room air, approxi-
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mately 15 to 20 per cent of the cardiac output would hase to be shunted
to explain these differences assuming AV O difference of 5 volumes
cent

Berggren (15) found an 11 mm A A oxygen gradient mn subjects
breathing pure oxygen Assuming a normal arteriovenous oxygen dif
ference he concluded that 0 6 per cent of the circulating artersal blood
was of venous origin It appears therefore that the A A gradient for
oxygen 1n normal dogs breathing room atr 15 mainly caused by the
uncven distribution of msptred air Our mean control A A gradient of
75 mm Hg would be n agreement with these obsenations Whether
or not there 15 a small amount of venous admixture to arterialized
blood 1n normal dogs 15 a Fomt worthy of discussion

To test the hypothesis of venous admixture to arterialized blood an
additional five experiments were made in June 1954 The same method
of inducing shock was used although the hy potensive level was slightly
higher 48 mm Hg The dogs were given 100 per cent oxygen to
breathe for 7 and sometimes 15 minutes before an artenal sample of
blood was withdrawn for analysis of oxygen content and hemoglobin
These samples were obtained dunng the control period at frequent 1n
tervals during the hypotensive period and agam after the reinfusion of
all the reservorr blood  All samples were analyzed immediately I'rom
the hemoglobin determimnation the value for 100 per cent saturation
was obtained The difference between the arterial oxygen content and
this value for 100 per cent saturation represents the volume of dissohved
oxygen.

Table XXII shows our results for the amount of dissolved oxygen
n volumes per cent at the various time persods During some control
and post reinfusion periods a second artenal sample was obtained after
the subject had inspired pure oxygen for 15 munutes The volume of
dissolved oxygen 1s calculated by subtracting the value for 100 per cent
saturation, determined from the hemoglobin content from the value for
the arterial oxygen content

It will be noted that the volume of dissolved oxygen after 15 minutes
of 100 per cent oxygen breathing was less than that at 7 minutes This
occurred 10 six out of seven instances most of which were during the
control period Indog X 26 the control values for dissolved oxvgen are
1n the neighborhood of 1 2 volumes per cent  The values at 95 minutes
of hypotension and after the reinfusion of blood are considerably
higher than duning the control period  Although the control bloods
clotted 1n dog X 27 the post infusion values are agun greater than the
average control values It will be noted howeser that during the h

tensive pertod of shock, th s i5e
¢ values for dissolved oxygen vary some
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TABLE XXII

Volume of Dissolved Oxygen (in Volume Percentage) m

Arterial Blood Under Varying Circumstances

X -26 X -27 X -28 X -29 X -30
Control 7 121 125 110 109
15 126 104
7 116 111 105 138
15 99 73
10 116 95 121 139 104
Minutes 20 55 35
of 30 38 09 | —05 | 113 | 130
Hypo- 50 92 106 42 72 99
tenston 75 102 105 45 73
95 197 76 78 75 127
Minutes 10 133
Post 30 170 182 10 79
Reinfusion 60 218 183 23 118 101
175 159 — 19

times they are not different from the control values, while at other times
there are one or two values for each dog which are definitely below con-
trol values You will note that 1n all dogs, the value for dissolved oxy-
gen at the 10-minute pertod of hypotension s not signtficantly different
from the control value This fluctuation 1n the amount of dissolved oxy-

en 1s ssmilar to the trend in calculated per cent saturation of artcrual
blood seen 1n Dr Wiggers” data (Table XXI) On reviewing this data,
I have no definite explanation for the arterral oxygen unsaturation
that was present 1n some animals during the hypotcnsive period of
shock or for the reduced valucs for dissolved oxygen  However, T raisc
the question whether this could result from venous admixture, possibly

through pulmonary artcriovenous fistulas
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Nickerson In your method a very small error in total oxygen content
determination would produce a big percentage difference 1n the amount
of dissolved oxygen

Merrman That 1s correct  Theoretically the amount of dissolved
oxygen present 1n a sample of blood after breathing 100 per cent oxygen
would be 0003 volumes per cent per mm Py, In our expersments the
alveolar oxygen tension would be approxtmately 660 mm Hg at this
tension the amount of dissolved oxygen should have been 2 0 volumes
per cent  For some reason or another 1 found only 12 volumes per
cent Preston and Ordsay (16) found 12 volumes per cent n normal
chidren My reasoning had been that 1f venous admixture did occur
during shock the arteral oxygen content would be reduced and we
believed that our Van Slyke technic could detect this decrease as a signt
ficant figure

Cournand May 1 ask you whether you measured the oxygen capacity
at any pornt during the study?

Merriman Only as checks on the study

Cournand But you are basing the capacity on the hematocrit aren t
you?

Merriman No 1 am basing the oxygen capacity on the hemoglobin
determination Before the commencement of these experiments a ser
tes of hemoglobin contents obtained from Van Slyke oxygen capacity
determunations was calibrated and cheched agarnst the hemoglobtn
contents of the same sample of blood using the King cyan hematin
method (17)

Nickerson You must assume that the hemoglobin and plasma both
come to equilibrtum with the partial pressure of oxygen in a particular
sample, irrespective of how they may have come into your onginal
sample as venous or arterial blood

Merriman That s right

Nuckerson  One thing that bothers me 1s the basis for the very low
dissolved oxygen values 1n blood that 1s equilibrated with hemoglobin
which 15 essentsally saturated

Cosxrnand May I make certain that 1n every 1nstance where you have
an oxygen content, you have measured also an oxygen capacity

AMlerriman No

Cosirnand Since the dogs are 1n shock the hematocrit mught vany
and therefore the Os capacity will also vary

Merrzman 1 must make myself clear on this pont  Before starting
these expeniments the hemoglobin content determmned by the King
method was calibrated to give the same value as the hemoglobin content
determined from the Van Slyhe oxygen capacity analysts Then during
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every expertment, each sample of artertal blood was first analyzed for
its oxygen content and then duplicate hemoglobin contents were deter-
mined on this same sample of blood Thus, this hemoglobin content
would give the same value as an oxygen capacity determination

Coutnand You had a hemoglobin on each of them?

Mer1zman Definttely, duplicate hemoglobins were done

In 1940, Wood, Mason, and Blalock (18) studied 1n five dogs the
effect of the inhalation of pure oxygen 1n experimental shock produced
by hemorrhage In their Table I, they give values for oxygen capacity
and oxygen content 1n volumes per cent The mean per cent oxygen
saturation 118 minutes after the first bleeding was 88 4 per cent After
15 minutes of inspiring pure oxygen, the artersal blood had not become
fully saturated

Similarily, in their experiments with shock produced by histammne
and by trauma, the blood after 15 minutes of oxygen breathing was not
completely saturated

Contnand Is it not true, Dr Richards, that 1n the hundreds of human
patients we have seen we have never observed, except in those with
thoracic injuries, any similar reduction 1n oxygen content?

Richasds 1 think mn animals depleted as much as this there might
be atelectatic regions of the lung that would come and go very rapidly
with secretions developing, and so on, that might offer regions for a
passage of blood through unaerated channels

Couinand Then they are under anesthesia

Merizman These animals were anesthetized Venous admixture could
occur for many reasons, and one explanation might be that certain
alveol1 are perfused, but are underventilated There is some confuston
as to whether pulmonary alveolar edema actually develops during shock
Unfortunately, we made no miscroscopic studies of the lungs in shock,
but 1t 1s our impression that during the hypotensive period of shock,
the lungs are dry and bloodless Eaton (19) found histopathological
changes 1n the lungs which developed within 10 to 20 minutes after an
acute hemorrhage which amounted to 25 per cent of the blood volume
These changes consisted of edema, congestion, and hemorrhage which
were usually of a spotty nature He found that there was an abrupt
increase 1n alveolar edema at 10 minutes following blood loss, a Icsscr
degree at 20 minutes, and a negligible amount at 45 minutes After
this, there was a definite trend to a reaccumulation of edema, reaching
a peak at 72 hours, when this edematous condition was marhked

Moon (20), however, stated that thc lungs in hcmorrhagic hypoten-
sjon are characterized by pallor and dryness Dr Wiggcrs, n his bool,

‘Phystology of Shock” (4), stated that 1n 430 nccropstes “Pulmonary
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edema was only occastonally noted and in these mstances a strong sus
picton of some antecedent pulmonary condition usually existed Like
wise areas of congestion are not uncommon 1n the adrenal cortex and
lungs of stray dogs hence their occastonal occurrence in shock may
be comncidental

Cosrnand As pulmonary edema 1s not observed 1n ether anesthetized
ammal or 1 man 1n shock, your premuse 15 it seems to me a highly
artificial one

Merrtman  1have wondered whether or not pulmonary edema occurs
You will notice that these marked changes do not occur 1n every animal
and this 15 borne out by the studies by Beecher (12) and by Wiggers (4)
It may be that 1t occurs only n the more severe grades of shock In my
expeniments the cardiac output was reduced dunng shock to 22 per
cent of the control value

Al Rsmsely How many separate phenomena might be listed which
would create an unden entilated state marhed retention 1n the alveolt
pulmonary edema What else might we List?

Merrman Furst of all the distribution of nspired air into the differ
ent alveoli may not be uniform with the result that the ventilation/per
fuston ratios in different parts of the lung are differerent  Thus 1s the
main reason for the gradient found 1n our dogs during the control
pertod and also explamns the gradient 1n man, when breathing room air
Secondly there may be a diffusional barrier to the transfer of oxygen
from the alveol to thccrulmonary capillary blood which in this case
would have to develop duning shodh. Finally venous blood may enter
the arterial blood unsitered and it may do so 1n many ways

Butterworth (21) has demonstrated that coronary venous blood en
ters the left atriom in the normal dog

Venous admixture will result from perfusion of unventilated alveolt
as for example (n pulmonary edema or in the presence of atelectasts
Venous admuxture could also occur 1f blood flowed through pulmonary
arteriovenous fistulas or through shunts In 1702 Cowper wrote on
viewing the extremittes of the pulmonick blood vessels 1n a living frog
with my microscope I found therr communications much larger than
those that I had before seen 1n the membrane between the toes and 1n
the feet of the same creature (22)

More recently arteriovenous shunts 1n the lung have been suspected
to explain the passage of certain parasites through the lung and to ex
plain those puzzling cases of paradoxical emboli It 1s also known that
arteriovenous aneurysms do occur tn the lung in cases of hereditary
hemorrhagzc telangiectasia (23 24 25)

In 1948 Prinzmetal and his assocrates (26) using glass spheres
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every experiment each sample of arterial blood was first analyzed for
its oxygen content and then duplicate hemoglobin contents were deter-
mined on this same sample of blood Thus. this hemoglobin content
would gne the same value as an oxygen capacity determination

Coninand You had a hemoglobin on each of them?

Merriman  Defintely. duplicate hemoglobins were done

In 1940. Wood Mason. and Blalock (18) studied 1n five dogs the
eftect of the inhalation of pure oxygen 1n experimental shock produced
by hemorrhage In their Table I, they gne values for oxygen capacity
and oxygen content i volumes per cent The mean per cent oxygen
saturation 118 minutes after the first bleeding was 88 3 per cent After
15 minutes of inspiring pure oxygen. the arterial blood had not become
fully saturated

Similarily, 1n their experiments with shock produced by histamine
and by trauma, the blood after 15 minutes of oxygen breathing was not
completely saturated

Coninand Is 1t not true, Dr Richards. that in the hundreds of human
patients we have seen we have never observed. except in those with
thoracic injuries, any similar reduction m oxygen content?

Richards 1 think 1n anmmals depleted as much as this there might
be atelectatic regions of the lung that would come and go very rapidly
with secretions developing, and so on, that mught offer regions for a
passage of blood through unaerated channels

Conrnand Then they are under anesthesia.

Meriiman These animals were anesthetized Venous admixture could
occur for many reasons, and one explanation mught be that certain
alveol: are perfused, but are underventilated There 1s some confusion
as to whether pulmonary alveolar edema actually dex elops during shock
Unfortunately, we made no miscroscopic studies of the lungs 1n shock,
but 1t 1s our impression that during the hypotensive period of shock.
the lungs are dry and bloodless Eaton (19) found histopathological
changes in the lungs which developed within 10 to 20 minutes after an
acute hemorrhage which amounted to 25 per cent of the blood volume
These changes consisted of edema. congestion, and hemorrhage which
were usually of a spotty nature He found that there was an abrupt
increase 1n alveolar edema at 10 minutes following blood loss, a lesser
degree at 20 munutes, and a negligible amount at 45 mnutes After
this, there was a definite trend to a reaccumulation of edema, reaching
a peak at 72 hours, when this edematous condition was marked

Moon (20), however, stated that the lungs 1n hemorrhagic hypoten-
sion are characterized by pallor and dryness Dr Wiggers. in his book
“Phystology of Shock™ (4), stated that in 430 necropsies Pulmonary



The Pulmonary Crreulation i Shock 229

maned unchanged 1 only three experiments  In five expeniments the
physiological dead space was definitely increased during the hypoten
sie period of shock

Barcroft 1 have n mind experiments performed by Peter Dantel and
hus group (31) on antmals in severe shoch  Rocentgen ray opaque mate
rals were g en 1ntea enously and sertal photographs were made of the
entry and spread of these matertals through different organs  This was
done in the kidney the Iner and the lungs In particular in the lungs
1n some animals 1n severe shock they found that the arterial blood never
got to the outer parts of the lungs Might that not perhaps be con
nected with this apparent increase n dead space?

Merriman Defiutely  1f the physiological dead space increases 1t
means that an additional portion of the tidal volume has not undergone
gas exchange It means that some alveolt continue to be ventilated but
not perfused This nonperfusion may be because of vasoconstriction or
some other reason

Barcroft Yes Dr Danel was very careful to avoid the mechanism
and to concentrate simply on demonstrating the fact that 1t occurred

Cournand May I amend my previous statement on the diffusing
apaaty? If there 15 a very marhed reduction 1n the alveolar-capillary
wterface, related to & reduced pulmonary flow with part of the capil
lary system being closed off as a result of the effects ofPthc closing pres
sure then the diffusing capaaty would be reduced The situation 1n
shock requires more study with direct measurements of the A A grad
tents

Merriman 1 agree entirely

Coxrnand In other words a measurement of oxygen tension rather
than saturation

Merriman Wheo 1 did this work at the University of Western On
tario these were the only methods that were avarlable I fully realize
the Limutations of my methods and my conclusions can be regarded only
as theories which are open for discussion

REFERENCES

1 Gowpry C W Pramce ] W MermiMaN | E and STEvEN
SON J A F  Effect of benzazoline in hemorrhagic hypotension.

Federation Proc 13 359 (1954}

HerTzMAN A. B and Gessre, R Hemorrhage and ventilation

Proc Soc Esper Bsol & Med 24 263 {1926)

HENDERSON Y Adventsres n Resprration Modug Aspbyxe

ation and Methods of Reswscitanon  Baltimore Ihams &
Wilkins Co 1938 (p 263) l



228 Shock and Criculatory Homeostasis

demonstrated arteriovenous shunts larger than capillartes in the lungs
of certarn animals In 1950, Tobin and Zariquiey (27) verified this
work by using the glass sphere technic followed by latex injection media
This anatomical study showed that arteriovenous shunts, from 25 to
500 p 1n diameter were present 1n ssolated human lungs with little or no
pulmonary pathology

In 1952, Rahn, Stroud, and Tobin (28) again demonstrated A-V
shunts in the lungs of normal dogs, by cinefluorography In addition, in
one dog, several glass spheres 200 ;s 1n drameter were injected into the
pulmonary artery Three seconds later a sample of aortic blood was
withdrawn and was found to contain one glass sphere Injection stud-
tes later revealed the presence of an arteriovenous shunt in this dog's
left lung

On the other hand, Gordon (29), using different methods, was un-
able to find pulmonary arteriovenous vessels larger than 25 p 1n internal
diameter Similanly, Miller (30) makes no mention of these vessels
in the lung

In summary, I have no definite explanation for the arterial oxygen
unsaturation which 1s found 1n some amimals during shock I think
that there 1s a small A-A gradient both during the control period and
during the hypotensive period of shock which 1s due to variations 1n the
ventilation/perfuston ratio

However, to explamn the large A-A gradients or the marked degree
of arterial oxygen unsaturation, some form of venous admixture must
be considered Of the possibilities listed above, I do not believe, from
Butterworth’s work (21), that enough coronary venous blood could
enter the left atrium to account for these changes The explanation,
therefore, must be between perfusion of unventilated alveolt and pul-
monary artertovenous shunts

Cowuinand Alveolar O: tenston 1n human shock 1s most likely normal
In order for a diffusion gradient to become apparent, while breathing
room atr, it would be necessary to assume a considerable reduction 1n
alveolar O: tenston In subjects with alterations of the diffusion mem-
brane, a reduction of the oxygen diffusing capacity only becomes ap-
parent when 1nspired gas O: tension 1s lowered So I do not believe that
diffusion has any effect here

Merszman 1 would concur

Cowuinand Of course, to follow through this problem would require
a very extenstve study of pulmonary function

Barcroft Am I right 1n thinking that in these animals sometimes the

total dead space apparently increases?
Ome,,mmnp Yes The values for the physiological dead space re-
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tocrt cardiac output systemic blood pressure and heart rate and in
some subjects total body oxygen consumption For measuring cardiac
output 2 40- to 50-cm_plastic tube was passed through the bastlic arm
vemn and Evans blue dye was injected through 1t The dye-dilution
cunve was recorded continuously with a recording densitometer (1 2)
connected to 2 radial artery needle  With this device cardiac output
could be measured accurately and repeatedly 1n the presence of satur
ated or unsaturated blood (3) Heart rate and mean systemic blood
pressure were determined by a strain gauge connected to the same radial
artery and total body oxygen consumption was quantitated by means of
a Douglas bag and Scholander apparatus  After these determinations
the treadmull was started and adjusted at a rate (from 4 to 7 miles per
hour) duration (from 3 to 10 min ) and grade (11 or 20 per cent) that
would gnve a heavy and 1n some cases a maximum external work load

Natn es at the high altitude were much smaller averaging 58 hg and
16 m* as compared to the subjects at sea level who averaged 68 hg
and 18 m* In the natnes the hemoglobin varied from 177 to 243
with an average of 202 gm /100 ml Their hematocnits averaged 60
with high and low values of 72 and 51 In the subjects measured at sea
level the hemoglobin averaged 161 and the hematocnit 46  Some
natives that we could not persuade to exercise on the treadmill had
hematocrts of 85 They were ambulatory

In Table XXIII are presented the average calculated data on these
human subjects The control data on subjects at sea level and at the
high altitude are 1n some wnstances rather high but are not regarded
quite the same as those from subjects at standing rest, since many were
exctted and strmulated by the unfamiliar procedures and the presence
of strange personnel However [ am inclined to accept the previous
observations of Dr Rotta (4 5) that the native of a hugh altitude who
has been studied at a high altitude and who has high hematocnt and
hemoglobin values has a resting heart rate systolic and diastolic blood
pressure oxygen consumption systernic arterios enous oxygen difference
and carduc output (Fick procedure) which approximate those values
of the sea level dweller who has been mtasurccfat sea level Dr Rotta
also has some excellent pressure curves to show that 1n contrast to the
normal values for the systemic arcuit, the systolic pressure in the right
ventricle and pulmo

pulmonary artery 1s significantly elevated

The natrves studied at the 15 000-ft elevation of Morococha have
been separated mto two grou according to their external work load
;txus The treadmull levels of work 1n these two groups rangmng from

90 to 380 kg m /min /m? (average 535) and from 650 to 749 Lg
m /mun /m? (aserage 697) are considerably less than the work loads at
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DONALD E GREGG

Department of Cardiosespiratory Diseases
Waltes Reed Asmy Institute of Research
Walter Reed Aimy Medical Center
Washington, D C

I wOULD LIKEL to discuss with you problems in the control of the blood
flow through the aortic lumen and through the coronary arteries For
a number of years I have been interested in a means of estimating the
ability of the heart to perform A first approach to the problem 1s the
determination of the maximum cardiac response in stress The follow-
ing observations were made with normal men and dogs as subjects, and
the presenting stresses were maximum treadmill exercise in man at
sea level, maximum treadmill exercise 1n man with the additional stress
of chronic anoxia at high altitude, and massive blood infustons 1n nor-
mal dogs and dogs with artery-vein fistulas We will consider briefly
the 1mitiating, sustaining, and limiting factors which control the work
response of the heart Only the left ventricle will be considered

VENTRICULAR RESPONSES TO EXERCISE AND ANOXIA

Studies on the response of the left ventricle of man to the stress of
exercise and chronic anoxia were undertaken 1n Peru in September
1953 I should stress that this study was not a field trip Through the
kindness of the Peruvian Government and especially Dr Hurtado and
Dr Rotta of the Institute of Andean Biology, the facilities of two excel-
lent and well equipped modern laboratories were made available to us,
one 1n Lima and the other 1n the mining town of Morococha

Twenty-six male volunteer subjects were studied at Lima, Peru (ele-
vation 500 ft ) and at Morococha, Peru (elevation 15,000 ft ) Those
at Lima were volunteer medical students from 22 to 28 years old who
were natrve to low altitudes Subjects at Morococha were natives of that
region who had not lived at significantly lower regions, and who were
healthy, active, and engaged 1n mining activities Their ages varted
from 19 to 38 years

For control or reference measurements, the subjects stood on a motor-
driven treadmill and determations were made of hemoglobin, hema-

232
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groups during exercise the highest pressures being 164 1n a natnve at
the hugh altitude and 122 1n a medical student at sea level  An occastonal
subject m each group showed no change or a slight reduction n mean
blood pressure the average mean radial pressures duning exerase for
the natives of high altitude and subjects at sea level were 119 and 109
mm Hg respectively
At the lower level of treadmill exercise in the native at high altitude
(average 535 kg m /min /m?) the average cardiac tndex (C1) of 75
and cardiac worh mdex (CW 1) of 123 are quite high the stroke
volume index (SV 1) of 49 and strohe work wndex (SW 1) of 79
are not particularly increased The increase m cardiac output 1s caused
largely by the heart rate change and not from a change tn stroke volume
Simularly augmentation of cardiac work 1s affected by a combination of
the large increase 1n heart rate and a small increase in mean systernic
blood pressure However the nse 1n cardiac worh 1s probably somew hat
less than ndicated here Thus value must be corrected for any increase
1n end-dastolic pressure 1n the left ventricle dunng exercise  Although
we do not have any direct measurements of this pressure still from our
expertence 1n exercising dogs in which this pressure 1s considerably in
creased (6) we would be led to expect its augmentation tn man
These values 1n the natrve exercising at high altitude compare with
those of the medical students exercising at sea level despite the fact
that the sea level dweller 15 exercising at a much heavier external work
load (average 810 kg m /mun /m ?) Again the increased carduac output
and carduac work were effected primanly by the increased heart rate
[n the group of natives who exercised more strenuously at an average
of 697 kgm /mun /m? the cardiac index and cardiac work index are
increased much further averaging 13 7 and 23 4 respectively Although
the heart rate tends to be higher m this group not ali of the increase
m cardiac output and cardiac work 1s related to the change n heart
rate and the mean systemic blood pressure change At this level of car
diac actvity 1n addibion, a sigmificant portion of the increase 1n cardiac
output and cardiac work anses from a sizable augmentation of stroke
volume and stroke work

Lampost Do you happen to know if there was a change 1n the vis
cosity of the blood?

Gregg Durnng the exercise period 1n the natives at the high altitude?

Lampost Yes, or change from one altttude to another?

Gregg These natives were studied only at the high alttude T do
not know whether during the exercise there was any change 1n their
viscosty Would you expect one?

Lamport Tam not sure what would happen T do not know
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sea level which ranged from 704 to 986 kg m/min /m* (average 810)

In all subjects, except for one nattve in the mountains and one med:-
cal student at sea level, the increase of the heart rate was large during
exercise Increases in rate tended to be greatest with the greatest tread-
mull actrvity, the average heart rates for the two groups were 161 and
163 In contrast to the large increase 1n heart rate, the increase 1n mean

systemic blood pressure (Syst M B P) was generally mild m these
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groups during exercise the highest pressures beng 164 1 a natne at
the high altitude and 122 1n a medical student at sea level  An occasional
subject m each group showed no change or a slight reductton 1n mean
blood pressure the average mean radal pressures durning exerase for
the natves of high altitude and subjects at sea level were 119 and 109
mm Hg respectinely

At the lower level of treadmill exercise m the natue at high altitude

(average 535 hgm /min /m ?) the average cardiac index (C.1) of 73
and cardiac work index (CW 1) of 123 are quite high the strohe
volume index (SV 1) of 49 and strohe work 1ndex (SW1) of 79
are not particularly increased The increase in cardiac output 1s caused
largely by the heart rate change and not from a change in strohe volume
Sumtlarly augmentation of cardrac work 1s affected by a combination of
the large increase 1n heart rate and a small increase in mean systernic
blood pressure However the rise 1 cardiac work. ts probably somew hat
less than indicated here This value must be corrected for any increase
mn end-duastolic pressure in the left ventncle during exercise  Although
we do not have any direct measurements of this pressure still from our
expertence in exercising dogs 1 which this pressure 1s considerably 1n

creased (6) we would be led to expect its augmentation i man

These values in the natrve exercising at high altitude compare with
those of the medical students exercising at sea level despite the fact
that the sea level dweller 1s exercising at a much heavier external work
load (average 810 hg m /min /m.*) Again the increased cardiac output
and cardiac worh were effected primanly by the increased heart rate

In the group of natives who exercised more strenuously at an average
of 697 kg m /mn /m* the cardac index and cardiac work index are
increased much further averaging 13 7 and 23 4 respectively Although
the heart rate tends to be higher mn this group not all of the increase
1n cardac output and cardiac work 1s related to the change in heart
rate and the mean systemic blood pressure change At this Jevel of car
duc activity 1 addition & signsficant portion of the increase in cardiac
output and cardizc work anses from a sizable augmentation of strohe
volume and strohe work

Lamport Do you happen to hnow if there was a change n the vis-
cosity of the blood?

Gregg During the exercise period 1n the natives at the high altitude?

Lamport Yes or change from one altitude to another?

Gregg These natives were studied only at the high altitude 1 do
not know whether during the exercise there was any change in therr
viscosity ' Would you expect one?

Lamport 1 am not sure what would happen 1 do not know
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Stead. Short periods of heavy worl cause a rise in hematocrit reading

Gregg: Followmg blood infusion m the dog and man a significant
risc 1n the hematocrtt gencrally occurs

M. Knrsely One reason the hematocrit will rise 1s because small
blood vessels i muscle leak flurd after the overase or after each con-
traction

Gregg Ttas to be hopad that the hematocrit does not increasc too
much with cxerase m these natives at the high altitude because they
arc already labormg under a heavy hamatocrt burden from the effect of
chronic anovn

Montgomery  Perhaps you have measurancnts of the average dif-
ference i the viscosity of blood at the two levels

Gregg No, we have no measuraments of them  They have been
madc but I do not recall the figures

Richards You have no idea what thar arteral onygen saturations
were in work at high altitude

Grege  We have only occastonal observations, which were around
80 per cent during exerase

Comnand These figures impress me by the very marked increase 1n
oaygen uptahe that there must be

Gregg These are the people who, as far as I am concerned, are not at
the high altitude

Cowurnand So you did not take these figures to indicate that at the
higher altitude they have a larger output”?

Gregg No, I think I would accept Dr Rotta’s figures (4, 5) on these
nonworking subjects native to, and studied at, the high altstude In his
sertes of catheterized subjects the cardiac index was about 2 8, arteral
saturation 81, heart rate 68, hemoglobin 21, cardiac work index 4, and
so on Of course, these subjects did have an elevated pulmonary artery
pressure

Gireen Did the Lima group, the medical students, have normal
hematocrits?

Gregg' Yes, I have the data here The average hematocrit approxi-
mated 48, the hemoglobin 16 gm /100 ml of blood

Coninand The response of a patient with chronic anoxia 1s certainly
quite different from the response to acute anoxta Here, 1 so far as
pulmonary pressure 1s concerned, there would be a resemblance, but
with acute anoxta and bronchial disease there 1s an increase 1n hemato-
crit The normal output you mention 1s certainly something which 1s

very strikingly different
Giregg Yes, we went to the mountans of Peru with the full intention

of making measurements of pulmonary artery pressure and cardiac out-
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put in these cathetenzed people at rest However Dr Rotta s pressure
cunves and flon measurements were excellent, and I saw no particular
reason to fepeat them

Cournand What was the heart rate of those subjects?

Gregg  The average was about 68

Coxrnand They also adapt their rate because 1n acute anoxia with
that same degree of unsaturation there would be a much more rapud
rate wouldn t there?

Gregg That 1s true

Bing These figures are quite different from the original ones collect
ed by Sir Joseph Barcroft (7) are they not? There was an ncreased
cardiac output as far as I remember because 1t was used to explamn
some of the maintenance of mean capillary pressure at high altitude
Of course the difference in methods 15 very striking

Gregg Although attempts were made to stress the left ventricle to a
maxtmum worh effort we are not sure whether or not this was accom
plished either 1n the mountains or at sea level The data 1n Table XXIII
for five natives of the high altitude have been selected as suggestive of
maximum left ventricular effort Each of these subjects stated at the
end of exercise that he was very tired or completely exhausted In
these five individuals at the higher levels of treadmill work (650 to 749
Lg-m /min./m? average 693) the cardiac work index was quite high
ranging from 18 1 to 46 4 and averaging 26 4 hg-m /mun /m  Simularly
1n those medical students at sea level who were worhing at a consider
ably higher level of treadmill exercise (average 858) and who also
claumed to be very tired cardiac work index ranged from 114 to 151
and averaged 129 kg-m./min /m? The so-called maximum values for
these two groups are 15 to 20 per cent higher than the averages for the
nonselected groups in Table XXIII

I take this to mean that although the hearts of these natives are well
adapted and perform in the mountains with great ease yet with a com-
parable amount of external work their hearts respond with a greater
effort than do the hearts of the native sea level dw erlce’rs when exerctsing
at sea level

I should lke to add a word about the calculation of the sy stemic
artertovenous oxygen difference at rest and durning exercise 1 those n
stances 1n which both cardiac output and oxygen consumption were
measured Such values are obviously only an approximnation, since data
for cardiac output and oxygen consumption are on quite different
time intervals However they should represent trends The control
data 1n the mountamn native for the calculated arteriovenous oxygen
difference averaged 57 ml /100 ml during exercise this increased to
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139 ml /100 ml  In the medical students excrasing at sea level and at
a somewhat greater intensity of trcadmull work, the average calculated
arterrovenous oxygen difference was 169 ml /100 ml The values re-
ported here durig excrase arc i the same range as those calculated
by Asmussen and Niclsen (8) using the dyc-dilution technie, and as
those reported by Donald, ef af (9), 1n which the arteriovenous oxygen
differcnce was detcrmined directly with the Fick procedure

These values are of mterest n the light of the observations made
yesterday about the tendency for the artertovenous oxygen differences
to be somewhat fixed 1 some of the vascular beds I believe Dr Bing
mdicated that the extraction of oxygen from the coronary bed was a
fived quantity cxeept for the condition of congestive failure 1 also had
the same impression from Dr Myers' data  However, this does not
appear to be so for mined venous blood during excraise  This raises the
question as to what happens first in the pcripheral beds of the various
organs  Docs the body carly in a stress situation take advantage of the
potentially high artertovenous oxygen difference which 1s available (ex-
cluding now the heart) and estract most of the available oxygen or do
the periphcral beds open up first and permut a large blood flow before
the artertovenous oxygen difference changes significantly? There 1s
nothing 1n the data presented to indicate which of these early compen-
satory mechanisms 1s used, but the end result is certainly a very large
average extractton This probably means that in some of the peripheral
vascular beds there 1s almost complete extraction, since the average
extraction 1s a mean of many beds

Baez Can you tell us something concerning the comparative nutri-
tional states of the native subjects at Morococha and of the medical
students in Lima’ Also I should like to ask whether test runs with the
same sample at high altitudes and at sea level are comparable? In
other words, 1s 1t possible for the equipment of the observers to be af-
fected by the altitude?

Gregg My impression was that the nutritional state of the subjects
in Morococha was somewhat better than that of the sea level subjects
The people 1n the mountains appeared to be 1n excellent condition They
were thin individuals with an emphysematous type of chest except for
one or two who were drivers of station wagons for the laboratory and
who had accumulated a certain amount of fat Most of them, however,
played constderable soccer and were quite active physically

MAXIMUM CARDIAC OUTPUT AND WORK DURING
MASSIVE BLOOD INFUSIONS

I should now like to proceed with some observations on attempts to
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measure maximum cardiac output and work 1nduced 1 the anesthetized
closed-chest dog by means of massnve mtravenous blood nfusions (10
11) In this instance the merease in carduac output and cardiac work
arrses from the increased venous return and increased blood volume
created by infusion  This contrasts with the situation 1n the exercising
subject 1n whom the increased venous return anses from the activity
and excitement of the indnidual Cardiac output was determined with
the dye-dilution method (1 2) Esans blue dye being injected 1nto 2
catheter 1n the external jugular vein with the tip near the night atrum
and continuous sampling was made from a previously constructed ca
rotid loop connected to the recording densitometer  Lffective left ven
tocular end-diastolic pressure was obtained from the left ventricular
pressure cunve by ncedling a previously prepared cardiopexy and from
the 1ntrapleural pressure stmultancously recorded

After control measurements of pressures heart rate and cardiac out
put fresh hepaninized cross matched blood at near body temperature
was infused into a leg ven at rates from 2 to 7 mi /mun /hg and deter
munattons of pressure and flow made periodically thereafter Maximum
cardiac work response was taken as the point where with continued 1n
fuston cardiac work started to decrease

In Table XXIV are the average data for a large number of normal
and artertovenous fistula dogs  In the normal anesthetized dog after be
ing 1nfused (stress) an average of 1430 ml of blood 1n 38 munutes the
cardac index, cardiac work index stroke volume index and stroke work
ndex ncrease greatly reaching average values of 63 89 49 and 71
respectively  The heart rate 1s elevated much less and the systemtc blood
pressure much more than in the exercistng human subject However the
effective mean blood pressure (systemic mean blood pressure—effective
lett ventrrcular end-diastolic pressure (Ef LVEDP ) } 15 only slightly
increased since with infusion the end-diastolic pressure 1s greatly ele
vated T think the general conclusion can be drawn that the mncreased
cardiac output and cardiac work were effected largely by an increased
stroke volume and stroke work and only muldly by the ncreased heart
rate and blood pressure which did not change greatly This mechanism
of response contrasts with that observed in the exercising human subject

To study further the maximum cardiac work response the hearts of
normal dogs were subjected for long pertods of time to the increased
stress of a large chronic arteriovenous fistula and the cardiac response
was then re evaluated before and during acute hypervolemia A num
ber of aortacaval fistula dogs were studied 1n this way 2 to 3 months
postozxratlvely The dogs with aortacaval fistulas exhibited various
manifestations of a heavy cardiovascular load such as motst rales as
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TABLE XXIV

Blood Infusion im Normal and Fistula Dogs

cites, pertpheral edema, and increased weight during the postoperative
observation pertod Dogs prepared with multiple peripheral fistulas

bilateral iiac or diac-femoral fistulas)
months and showed none of the external signs of circulatory strain
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remained healthy for 24

exhibited by the group with a central fistula

The control values for cardiac index, cardiac work index, stroke vol-
ume index, and stroke work index in the dogs with aortacaval fistulas
before infuston approximate those in the normal dogs after maximum
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cardiac work response had been obtained with blood ifusion  These
control hemody namuc levels represent ether 2 maximum left ventncular
work response or something less than this smce without exception
cardrac work failed to rise further with blood tnfusion  Determination
of cardiac output taken after an average of 178 ml of blood had been
infused during an 11-minute period showed a calcultted decrease m
cardtac worh

Hemodynamic measurements 1n the dogs with peripheral fistulas be
fore blood mfuston show changes in direction and magnitude simular to
those 1 dogs with aortacaval histulas except that the left ventricular
end-duastolic pressure may or may not be elevated  The cardiac re
sponse to nfusion in these dogs 15 related to the resting level of left
ventnicular end-diastolic pressure When this pressure 1s considerably
elevated the response to tnfuston s sumilar to that n the dogs with
20ttacaval fistulas that s cardiac work rematas fixed while end drastolic
pressure rises further When this pressure 1s within the normal range
the left ventricle increases its cardiac output and cardtac work further
with infusion even though the preinfusion cardiac output and cardiac
work values are already quite hugh

In all three groups most of the increase 1 cardrac response 15 i the
stroke volume since the heart rates do not change greatly and the sys-
temuc blood pressure response 18 not large They are somewhat m con
trast with the mountain and sea level studies of the treadmull subjects
n which the heart rate changes are much more evident and effective 1n
determining the level of cardiac output and cardtac work

Values for maximum cardiac worh obtaned with mfusion ito the
normal dog and into the dog with an artery vein fistula are of the same
order of magnitude Maximum cardiac work for the normal dog aver
ages 89 hgm /min./m.? for the dog with an aortacaval fistula 69 kg
m /mun /m? and for the dog with a pertpheral fistula 113 kgm/
mn /m* These values approximate those 1n human subjects doing
heavy exercise m Lima (121 kg m /min /m.*) or moderate exercise in
the mountains (12 3 kg m /min./m *) They are considerably less than
the value of 263 kgm /min /m.? 1n mountan natives exercising to
exhaustion

These data give a rough idea of the magnitude of the possible re
sponse of the Eft ventricle to the stress ofgzz acute mcrcafco mbbiood
volume and venous return by blood infusion 1n the normal dog and
ta the dog with a fistula and to the stress of muscular exercise 1 man
with increased venous return with and without chronic hypoxia The
one 1s an unusual situatton and occurs naturally but rarely The other
1s something we are doing most of our waking hours In the first 1n
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stance the maximum cardiac output and cardiac work were effected
largely by an increased stroke volume and stroke work since the heart
rate and effective systemic blood pressure were not greatly increased, in
the latter mstance maximum response of cardiac output and cardrac
work arose primarily from the large clevation of heart rate Only at
the extreme levels of external work 1n the mountain natives did the
strohe volume and stroke work show any consitderable increase

Selknst, Did the hematocrit 1n these dogs with fistulas happen to be
about normal or what changes did you observe in hematocrit or nutri-
tional level 2

Gregg Preoperatively and postoperatively the dogs received horse
meat once a day and occasionally ferrous sulfate Postoperatively, the
hematocrit generally tended to fall but after a month or two they were
in good condition and most but not all had an approximately normal
hematocrit  However, following infusion with whole blood, the hema-
tocrit rose 1n most dogs Whatever the inttral hematocrit, the final
hematocrit was higher following blood infusion

Gireen Was the major method of compensation in the second and
third groups increased stroke volume?

Gregg Since only a small volume of blood was infused in these
groups, an apprecitable change in stroke volume might not be expected
as compared with the normal dog with a very large infusion However,
the presence of the fistula did increase the stroke volume and stroke
work over the values in the normal dogs despite the considerable in-
crease 1n heart rate

Cournand You have no data on rest pressure i the dogs, in the
second and the third group?

Gregg They are in Table XXIV TFor the dogs with aortacaval fis-
tulas, the average control figure for effective end-diastolic pressure 1n
the left ventricle was 26 mm Hg At the time we took our next pres-
sure reading during infusion, the work response of that ventricle was
decreasing so the initral pressure figure was regarded as maximum
However, in both groups of dogs with fistulas, as infusion was continued
beyond the ttme of maximum cardiac work response, the end-diastolic
pressure continued to rise reaching 1n some dogs very high values—
50 to 60 mm Hg However, this was well beyond the maximum work
response of the ventricle and hence the curves of left ventricular end-
diastolic pressure and cardiac work are deviating markedly

Wood How much trouble did you have in determining cardiac out-
put of dogs with central fistulas by the dye-dilution technic? I should
think the systemic circulation would be so fast that you would have

difficulty in defining the descending slope (12)
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Gregg It 1s true that the pomnt of recirculation appears high on the
descending slope and that a small error 15 thus introduced  There s
an occasional dog 1n which we certatnly would not accept the calculated
cardiac output value However since our cardiac output curves are
large approximating 10 cm i height and since there 1s generally about
2 seconds between the peak of the dye dilution curve and the pomnt of
rearculation the down slope 1s well defined 1n most cases

MECHANISM OF CONTROL OF
STROKRE VOLUML AND STROKRE WORK

Let us return now to a consideration of the above figures with the
hope of attaining some mdication of how ventricular function 1s achiey
ed Is there any way 1n which we can obtain some indication as to what
determunes the maximum response of the heart beyond the resting
level” Specifically can we associate the changes 1n stroke volume and
strohe work which oceur 1n the infused dogs and 1n the exeraising hu
mans with any particular actnty that we can measure 1n or near the
heart> To explan the mechanism of control of stroke volume and
strohe worh considerable work has been done concerming parameters
related to filling and emptying a ventricular cavity  Two oﬁhcsc fac
tors the level of atrial pressure and the end-diastolic pressure in the cor
responding ventricle just before isometric ventricular contraction have
been used to gauge ventricular function Starling and associates (13)
found many years ago that in the heart lung preparation as inflow 1n
creased atrial pressure often provided a useful method for esimation
of spontaneous or induced tmpairment of cardiac function and its 1m
provement by drugs Wiggers and Katz (14) using the open-chest dog
have stressed the close relationshup of ventricular end-duastolic pressure
to stroke volume and stroke work of the corresponding ventricle unnl
the heart became overloaded Samoff (15) has repeated confirmed
and greatly expanded some of the older obscrvations by plotting data
of atrial pressure and strohe work as ventricular function curves in open
chest dogs exposed to increasing ventricular stress We have also ob-
tained excellent correlation between left ventricular end-diastolic pres-
sure and stroke worh 1n the open-chest dog (10)

Conrnand That 1s true of the rat and of the rabbit

Gregg Yes However caution must be used in the interpretation of
such expenments designed to show that ventricular end-diastolic pres
sure or atnal pressure can be used as a gauge of ventricular function 1
refer to a group of experiments 1 our leboratory 1n whuch the relation
of effective end-diastolic pressure to stroke volume and stroke work was
observed in a preparation somewhat closer to the normal situation
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Dogs were provided with carotid loops and cardiopexies and trained
to run on a treadmill (6) Before exercise, a needle was mnserted (and
left 1n place) in the carotid artery for registration of mean blood pres-
sure and for blood withdrawal for cardiac output determination with
the densitometer  For dye njection, a small, long plastic tube was in-
serted mnto a front leg vein  For left ventricular end-diastolic pressure,
a short (from 6 to 7 am ) stiff plastic tube was threaded nto the cavity
through a needle in the pexy This was left in place For phasic ntra-
pleural pressures, a de Peszer catheter was inserted into the left intra-
pleural space near the heart and the values obtained were used to cor-
rect the directly measured left ventricular end-diastolic pressure  These
pressure pick-ups were connected to strain gauges and the pressures
were recorded optically  After obtaining control records, the tubes and
needles were disconnected and left in the dog The dog was then exer-
csed on a treadmull at 5 to 12 miles per hour and for as long as 10
minutes The dog was again placed on the table and hemodynamic
measurements were repeated within 30 to G0 seconds and as often as
destred thercafter Without doubt the data are a combination of the
effects of exercise and excitement

Figure 64 illustrates the data from three such experiments Casual 1n-
spection of each shows that there 1s not a good directional correlation
between ventricular end-diastolic pressure and stroke work or stroke
volume In the first experiment, stroke work shows a downward trend
while the end-diastolic pressure rises, falls, and then plateaus In the
second, stroke work falls rapidly while end-diastolic pressure 1s faurly
constant In the third, stroke work rises while end-diastolic pressure de-
creases

Thus 1n these two conditions—the state of increased blood volume
and 1increased venous return by low infusion rates and the more natural
state of exercise and excitement—end-diastolic pressure in the left ven-
tricle 1s not a dominant factor or indicator of ventricular function

This emphasizes the need for measurement of parameters other
than those mentioned Of particular interest would be measurements
1n the normal dog of the diastolic and/or restdual volume of a ventricle
This would enable us to construct pressure-volume curves of a ventricle
under different conditions of stress and possibly to calculate the varying
tenstons 1n the myocardial wall With this mnformation, 1t 1s believed
that many of our experimental and interpretive inconsistenctes would
disappear However, at present, I am not aware of any method that will
give precise values for these variables 1n animals or 1n human beings in
a state of exercise or indeed 1n any condition Possibly Dr Bing, who
has been active 1n this field, might wish to comment
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EiGuRe 64 Three expertments showiag hemodynamic sesponses 1n the normal
dog before and after exeraise  EDP 1s effective sentnicular end-diastolic pressure,

15 stroke worh, 1n gram meters per beat SV 13 stroke volume 10 cubic centt
rasters per best  CW 13 cardiac work in gram meters per mmute  CO 15 caedrac
output 10 cubic centumeters per minute  MBP 15 mean carotid blood pressure.
HR s heart rate € 15 control  Reprinted, by permussion from Gregg D E
Sataston, D € and Thedden E O Performance of the heart changes in left
sentncular end duastolic pressure and stroke work dunng infusion and follow
ing exerase Physrol Rer 3S 132 (1953)

Bing The method we tried to devise can only be done «f the anumal
or the patient 15 at rest and 1 doubt also whether the method 1s accurste
enough to give values which could be applied to a relationship between
diastolic volume and end-diastolic pressure

Gregg Developmental approach to the problem has been under
taken 10 many laboratonies and certanly considerable progress has been
made Our owa unpublished endeavors have mcluded attempts at the
construction of arca-density curves with scanning techuics applied to
roentgenograms of a ventricle some time aftet the injection of small
amounts of radio-opaque matersal to outline the ventricular cavity In
addition, we have attempted to measure duastolic volume by following
density or conductivity changes 1n a ventnicular cavity following mjec
uon of dye or a hypertonsc sodmm chlonide solutton to the cavity
Thus far these attempts have il been plagued with technrcal difficut
ties which have prevented the recordiag of values acceptable to us
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Conrnand: You have not tried to use Rushmer's technic, with the
little clips?

Gregg No, we have not done so, however, Dr Rushmer’s use of
intraventricular gauges for measuring diastolic volume appears to be a
very fine technic (16, 17) One of the problems in the use of this
method, though, 1s the difficulty 1n being sure that the change in the
area being measured, that s, the cross sectional area at the level of the
gauge, represents directionally a change 1n volume of the whole ven-
tricular cavity If this should prove to be true, the method should still
be used with caution since there remains the problem of assigning quan-
titative values to ventricular volume I mught add that Dr Rushmer,
in using these gauges in the exercising dog, has found that the systolic
volume of the heart decreases while the diastolic volume 1s relatively
stable, indicating that the increased stroke volume 1s obtained by squeez-
ing out the restdual blood

Coninand 1f T understood you, 1n dogs the correlation between the
increase 1n effective pressure and the increase in work s fairly good 1n
infuston experiments, but the relationship 1s not as good 1n the exercise
experiments Of course, the situation with regard to the emptying of
the ventricle 1s possibly not the same In other words, during exercise
the peripheral resistance might change very strikingly whereas in infu-
ston the change 1n resistance might not be so great

Giregg Yes, 1 am sure there 1s a big difference For example, 1n the
dog, the venous return 1s greatly increased with these massive mnfusions
so that 1t would seem necessary for the ventricles to increase greatly
their dsastolic size and stroke volume, whereas n the exercising man
in which the increased venous return arises from a more rapid circula-
tron and increased heart rate there would not seem to be as much neces-
sity for increase in diastolic volume and stroke volume

Moe' It seems to me the reflex control of the heart would be entirely
different 1n these two situations

Gregg Tamsureitis The situation of greater interest 1s perhaps that
of the exercise, since we are performing some form of muscular action
during most of our waking hours We do not expose ourselves to blood

infustons very often

Cousnand In one case, you are almost duplicating what Starling was
doing, 1n the other case there is another situation

Gregg Yes For example, Dr Sarnoff’s ventricular function curves
are excellent examples of the close relationship of stroke work to atrial

ressure 1n the presence of acute ventricular loading with increased
blood volume, but I rather doubt the data can be transferred to a nor-
mal situation where many other variables are changing simultaneously
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When 1n additton to the increased venous return set up by exercise one
considers the rapid changes 1n heart rate, blood pressure regronal pe
npheral resistance, arteriovenous oxygen difference, the waxing and
waning of cardiovascular reflexes and the tnjection of some of Dr
Barcroft s epinephrine into the cardiovascular system the situation be
comes complex It 1s quite possible that each of these and additional
variables, 1f applied siramtcl) might result 1n a close correlation be
tween ventricular end-drastolic pressure and strohe work since such a
relattonship has been found to exist when the veatricle 1s stressed by in
fusion 1n the presence of coronary artery constriction epinephrtne 1n
fusion etc (15) However 1t would not be expected that the heart
would respond to all these variables as tf only one existed or that the
ievel of ventricular function could be gauged by follow ing only ventric
ular end diastolsc pressure or atrsal pressure

This rasses the question of the value i the normal state of such mea
surements or correlations with the stress of exercise since each devia
tion from the correlation of pressure and stroke work would be regard
ed as a point on a new ventricular function cune It does not improve
my thinking or concept of the subject to regard each pornt as the genests
of a separate function cune

Merrtman What 15 the explanation for changing from curve to cune
if that 15 true?

Gregg 1do not know the real explanation I suppose it 1s related to
the establishment of a new tenston in the ventricular wall for a given
ventricular diastolic size and hence a different pressure volume curve
15 established giving o new relationship between ventricular end dias
tolic pressure and stroke volume or stroke work

Wood Is 1t more lLikely that 1t 1s due to change 1n nervous activity
and to humoral mechanisms?

Gregg You mean the effect 1n muscle?

Wood Yes an effect on the muscle fibers due to changes in their
chemical (humoral) environment which changes them from curve to
curve as was predicted onginzlly by Starling (18) and his colleagues

Gregg I cannot answer this because there are no pressure volume
measutemnents where nervous activity and the humoral mechanisms are
spontaneously varying

Bmg It has been shown that the indrvidual heart muscle fiber can
also jump from one curve to another as a result of the effect of drugs
such as digitalis so what 15 applicable to the tsolated steip may be per
fectly well applicable to the whole heart

Gregg What you say can well be true but what Dr Wood 1s speak
ng of 15 also quite true Presumably nervous acttvity humoral mech
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anisms, drugs, and other variables operate to change the pressure-vol-
ume relationship of muscle by affecting the biochemical status of the
heart

Wilksns: 1If T may go back for a moment to your dogs with artero-
venous fistulas, do you have observations on what happens when a fistula
s first opened, then closed, as opposed to when it was  suu for a
long time and then closed It 1s implied 1n what you showed that you
have a different ventricle (1n terms that we have been discussing 1n the
last few minutes) after a stress has been sustained and accommodated
for, or at least adapted to, as best the animals can for some weeks After
this pertod they go into a state of “fairlure” as contrasted with the sttu-
ation when an arteriovenous fistula 1s first opened Do you have data
of that kind?

Gregg Yes, we have a farr amount of such data which Dr Sabiston
of our laboratory has accumulated in unanesthetized dogs with an
aortacaval fistula The cardiovascular system of these dogs 1s certainly
under a tremendous strain 1n the early postoperative pertod, but aside
from increased heart rate, cardiac work, and cardiac output, 1t does not
show too much evidence of this stress For example, despite the large
increase 1n stroke volume and stroke work occurring as soon as the fis-
tula 1s opened, the rise in left ventricular end-diastolic pressure lags be-
hind and may not show a significant elevation However, later on after
a number of days or weeks the end-diastolic pressure will rise and this
15 often coincident with the onset of many of the signs and symptoms
of congestive heart failure such as ascites, edema of extremities, and pul-
monary edema In addition, they have reached the end point of maxi-
mum cardiac work response However, I am a little reluctant to type
them as in congestive heart failure since they do not respond hemo-
dynamically to digttalis preparations

MECHANICAL LFFECTS OF VENTRICULAR
SYSTOLL ON CORONARY FLOW

I should like to take up two problems of the coronary circulation that
have troubled me for many years The first problem s the quantitative
separation of the mechanical effects on coronary flow of ventricular sys-
tole from the influence of the vasomotor state of the coronary vessels
With the methods now available, measurement of change in coronary
flow with increased stress is not difficult For example, with sustained
aortic constriction, left coronary mnflow measured with a rotameter in-
creased from 55 to 125 ml /min before any significant change in aortic
or central coronary pressure occurred (Figure 65) It s obvious from
the decreasing ratio of pressure to flow that the coronary bed was gross-
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ly dilated However this determination alone does not reveal how the
heart was able to obtain an extra influx of blood just before its work
increased
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FIGURE 63 Reproduction of record showing the effect of mechanical con
striction of the thorack aorta on left coronary inflow as measured with the rotam
eter Constrection was maintained throughout the record

Moe How was the aortic pressure raised?

Gregg By mechanical constriction of the aorta with an adjustable
clamp * This flow response does not always obtan but it 15 not too
diffcult to ebiert

Remimgton Where was this clamp?

Gregg On the aorta, 1n the thoractc region. Of primary interest 1s
the means by which the heart can dilate its coronary bed and increase
its corooary flow and oxygen supply The mechanisms involsed 1 the
heart are those which cause coronary dilation by relaxation of the in
trnsic smooth muscle of the coronary vessels and those which do not
act durectly on smooth muscle but wndirectly or passively alter the cor
onary flow through the mechantcal effects of ventriculas systole

Let us first constder those passive mechanisms regulaing coronary
flow  The importance of the problem lies in the strong posstbility that
much of the contro] of coronary flow lies 1n these extravascular sup-
porung mechanisms ta the myocardium  We have to make up our
munds as to how myocardial activity controls the coronary flow that 1s
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whether 1t serves as a peripheral resistance to reduce flow or whether
1t augments coronary flow by massaging blood through its walls The
direction of the effect and its magnitude must be known Its impor-
tance 1s indicated by a number of studies a) following acute occluston
of a major ramus of a coronary artery the coronary pressure beyond
the point of occluston 1s sizeable during systole and undergoes cyclic
variations with each heart beat (19), &) when a left coronary artery
branch 1s perfused at different pressure levels, systolic inflow 1s cut off
at a level of perfusion pressure approximating the aortic systolic pres-
sure (20), ¢) Figure 66 shows a phasic flow curve taken with an ortfice
meter from a branch of the left coronary artery in which the normal
central pulsatile coronary pressure and peripheral factors affecting flow
are all operating simultaneously It 1s observed that the systolic rate of
inflow 1s less than the diastolic rate (19, 21) Hence, change in the rel-
ative length of time occupied by systole and diastole can affect mechant-
cally mean coronary inflow For example, a decrease in the systole/cycle
ratio would increase coronary inflow These expertments suggest that
left ventricular activity acts to reduce coronary flow

102 AP
2
38 CF
34
‘|9 ,‘ )
A
° v a CSF
LEFT CORONARY CORONARY SINUS
INFLOW QUTFLOW

FIGURE 66 Reproductions of original records showing phasic inflow 1n coro-
nary sinus and crrcumflex ramus of left coronary artcry 1n open-chest dog AP ;ls
a0rtic pressure RVP 1s right ventricular pressure  CF s coronary inflow with
orifice meter CSF 1s coronary sinus flow with Pitot tubc mctcr
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Bing s this phenomenon an example of intramural resistance

Gregg 1think so being actnated at that ime A final bit of vt
dence 15 contained 1n Tigure 66 showing phasic flow changes recorded
with a Pitot tube in the coronary sinus of the anesthetrzed open-chest
dog During systole coronary sinus flow 15 increased while duning dia
stole flow 1s greatly reduced suggesting that ventricular systole acts
to augment coronary flow (22 23) This contrasts with the picture 1n
the left coronary artery 1 which myocardial action has the reverse
cyelic effect on nflow  In terms of the actton of the myocardum  the
problem 15 Which of these effects on flow 1s the greater 1 magnitude
that 1s 1s the mean flow through the coronary vessels mcreased or de
creased by myocardial actnity® No final answer can be obtained from
consideration of these coronary inflow and outflow cunves since 1t 1s
not known whether the changing flow rates in the superfictal coronary
artenies and coronary veins (where the phasic flows were recorded)
represent flow through the myocardial wall of the left ventricle

As a means of solving this problem, we have adopted the procedure
of stopping ventricular actity for a sufficient period until a new cor
onary flow equilibrium 15 established and then ascertaining whether
coronary inflow and coronary sinus outflow nise or fall The preparation
consists essentially of the open<hest dog 1n which the coronary arteries
or a major branch of left coronary artery 1s perfused under a constant
pressure approximating the prevailing mean aortic pressure The in
flow 1n a coronary artery (and often the coronary sinus outflow) 1s
quantitated with a recording rotameter (24) together with the mean
coronary perfusion pressure mean aortic pressure and at tumes left
ventnicular end-diastolic pressure  For the coronary stnus flow blood 1s
led through a recording rotameter connected on one side to a polyvinyl
tube tied 1nto the coronary sinus and on the other side jotned to a plastic
tube opening mto the nght atrrum or to the atmosphere Continuous

ressure and flow measurements are made while the heart 1s normally

ting and then during ventricular asystole induced generally by vagal

sumulation In many experiments changes m coronary inflow and cor
onzry sinus outflow were followed in the same expenimental setup
when veatnicular activity was reduced by ventricular fibnllation induced
by electrical means

Induction of ventricular fibrillation invanably increases coronary tn
flow and coronary sinus outflow by a varisble amount A typical effect
15 shown in Figure 67 1 which flow nto the common left coronary
artery was measured stmultaneously with coronary siaus flow At a con
stant perfusion pressure of 85 mm Hg approximating mean aortic
pressure, left coronary inflow rose within 1 second after fibrillation from
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whether 1t serves as a peripheral resistance to reduce flow or whether
1t augments coronary flow by massaging blood through its walls The
direction of the effect and its magnitude must be known Its impor-
tance 1s indicated by a number of studies «) following acute occluston
of a major ramus of a coronaty artery the coronary pressure beyond
the point of occlusion 1s sizeable during systole and undergoes cyclic
variations with each heart beat (19), 4) when a left coronary artery
branch 1s perfused at different pressure levels, systolic mnflow s cut off
at a level of perfusion pressure approximating the aortic systolic pres-
sure (20), ¢) Figure 66 shows a phasic flow curve taken with an orifice
meter from a branch of the left coronary artery 1n which the normal
central pulsatile coronary pressure and peripheral factors affecting flow
are all operating simultaneously It 1s observed that the systolic rate of
inflow 1s less than the diastolic rate (19, 21) Hence, change in the rel-
ative length of time occupied by systole and diastole can affect mechani-
cally mean coronary inflow For example, a decrease in the systole/cycle
ratto would increase coronary mflow These experiments suggest that
left ventricular activity acts to reduce coronary flow

102 AP
2
AP
~34 38 CF RVP /
r \ \
19 ! g
A ;
o v v a CSF
LEFT CORONARY CORONARY SINUS
INFLOW OUTFLOW

FIGURE 66 Reproductions of original records showing phasic inflow 1n coro-
nary sinus and circumflex ramus of left coronary artery 1n open-chest dog AP 1s
aortic pressure RVP 1s right ventricular pressure CF 1s coronary inflow with
ortfice meter CSF 1s coronary stnus flow with Pitot tube meter
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Brng 1s this phenomenon an example of intramural resistance
Gregg 1 think so being actnvated at that ume A haal bit of «u
dence 15 contained 10 Tiguee 66 showing phasic low chanies recorded
with a Pitot tube tn the corvnan <nus of the anesthetized open-chest
dog Dunng systole oronary sinus flow 1s increased while duning, dia
stole flow 1s greatly reduced suggesting that ventricular systole acts
to augment coronany flow (22 23) This contrasts with the picture 0
the left coronary artery i which myocardial action has the reverse
alic effect on inflow  In terms of the action of the mvoardium the
problem 1s Which of these effects on flow 15 the greater in mainitude
that 1s 15 the mean flow throuch the coronan vessels sncrersed or de
creased by myocardial actnity * No final answer can be obtained from
constderation of these coronan mflow and outflow curves since 1t s
not known whether the chancing flow rates in the superfictal coronan
artenies and coronary veins (where the phasic flows were recorded)
represent flow throuch the myocardial wall of the left ventnicle
As 3 means of solving this problem we have adopted the procedure
O{QOFng ventricular actinaty for a sufficent pertod until a new or
onary flow equilibrium ts established and then ascertaimng whether
oronary inflow and coronary sinus outflow rse or fall The preparation
consists essentially of the open-chest dot, in which the coronary arteries
ora major branch of left coronary artery 1s perfused under a constant
Pressure approximating the prevaling mean aortic pressure The in
flow m a coronary artery (and often the coronany sinus outtlow) 1s
uantitated w.th a recording rotameter (21) together with the mean
wronary perfusion pressure mean aortic pressure and at times left
;:tncular endduastolic pressure Tor the coronary sinus flow blood s
through recording rotameter connected on one side to a polyvinyl
tube tred 1nto the coronary sinus and on the other stde joined to a plastic
Opening into the night atrium or to the atmosphere  Continuous
l;:’fuvc and flow measurements are made while the heart 1s normally
ting and then duning ventricular asystole induced generally by vagal
g@mon In many expenments changes in coronan mflow and cor
‘hgv’zt": outflow were followed 1n the same experimental setup
by el 1cular actry 1ty was reduced by ventricular fibrillation induced
clectrical means
ﬂo?d;cfou of ventricular fibriilation invarably increases coronary in
5 shown COl‘OFnary stnus outflow by a varrable amount A typical effect
attery wz;ﬂ igure 67 1n which flow wnto the common left coronary
stang rﬁ:eﬂsurcd simultaneously with coronary smus flow At a con
Pmu}? i 1on pressure of 85 mm Hg approximating mean aortic
% left coronary inflow rose wathin 1 second after fibrillation from



252 Shock and Criculatory Homeostasis

a control value of 119 ml /min in the beating heart to 140 ml /mmn
in the fibrillating heart At the same time, coronary sinus flow starting
at 74 ml /min decreased momentarily with fibrillation and then quickly
rose above control level 1n 2 seconds and reached 121 ml /min within
12 seconds There was a very slow decline 1 both curves during the
next 2 minutes (record not shown) These large increases in coronary
inflow and coronary sinus outflow must represent a large decrease in
peripheral resistance occasioned by the absence of systole but how nearly
the existing state of fibrillation represents an asystolic state 1s not known
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FIGURE 67 Reproduction of original record showing augmentation i left cor-
onary inflow and coronary sinus outflow during ventricular fibrillation

Coninand What happened to the blood pressure”?
Gregg The aortic blood pressure decreased It was not recorded 1n
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this record  An estimate would be that it might drop S to 10 mm Hg
1n the ficst second  Some of the later figures may show a record of this
decline

Moe There was no blood flowng mto the nght coronary artery at
this time?

Gregg Not m this dog However 1n many dogs both coronary
artertes were perfused simultaneously

Cournand How long did the pressure persist in the right coronary
artery?

Grryrgg It might possibly drop 10 mm Hg 1n the first 1 to 2 seconds
of asystole and 1t would continue to decline Consequently right coro-
nary 1nflow was dropping rapidly during asystole There 1s little doubt
that 1 the dog whose coronary flow 1s shown n Figure 67 a very small
volume of the blood that entered the left coronary artery was draining
by collaterals into the right coronary artery bed and thus accounting for
a small portion of the augmentation of left coronary mnflow during
asystole

Barcroft Is there not a close analogy between the behavior of the
coronary flow here and that 1n the sheletal muscler Kramer and his
colleagues (25) measured the blood flow 1n the 1solated gastrocnemius
muscle before during and after a pertod of rhythmic contraction (Fig
ure 68) This 1s the period of rthythmic exercise They found that the
blood flow rose moderately during the exerase but that immeduately
after the exerase stopped the flow increased much further and then fell
away more or less 1n an exponential manner to the original resting rate
Thetr explanation was that the vessels were being dilated by a local
process but this vasodilation was opposed by mechanical hindrance to
the flow  As soon as the exercise stopped the mechanical hindrance was
removed and the true effect of the vasodilation was evident Later this
gradually subsided

Gregg Yes the pattern of response of coronary flow with ventricular
fibrillation 1s sundar to that observed by Kramer following cessation of
thythmical contraction of sheletal muscle However the augmentation
of flow 1n the left coronary artery and 1n the coronary sinus has been
maintained generally for at least 1 to 2 minutes

Stead 1s there any mformation on the rate of wflow 1 an empty
heart as contrasted with one that has the usual amount of residual
blood

Gregg Yes mflow 18 more rapid 1n the heart with empty vessels but
this does not explain the portion of the coronary mnflow and outflow
curves in which we are interested [ would estimate the capacity of the
left coronary bed m a good sized dog to be no more than 1 to 3 ml and
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FIGURE 68 Experiment showing the effect of rhythmic exercise on the blood
flow through the chloralosed dog’s gastrocnemius muscle Immediately after
exercise mechanical hindrance to the passage of blood through the muscle ceases
and the flow increases abruptly As recovery occurs the blood flow returns ex-
ponentially to the resting rate Reprinted, by permission, from Barcroft, H , and
Swan, H ] C Sympathetic Control of Human Blood Vessels London, Edward
Arnold & Co, 1953

thus filling of the bed would soon be over whereas the large increase
in coronary inflow (and outflow) 1s maintained for a relatively long
time
Stead 1 was thinking 1n terms of Dr Barcroft’s question, whether
what you lost by systole you might also gain somewhat by drastole, so
to speak, so that the two might tend to balance each other somewhat
Baicroft Yes,n the skeletal muscle 1t appears that you put a sertes of

checks on the flow
Montgomery This1sa single muscle contraction you are speaking of ?

Baicroft Yes
Montgomery And Dr Gregg was speaking a while ago of a single
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muscle contractton  Isn t this quite analogous to the flow changes at
each conteaction?

Gregg 1f a left ventricle 1s placed 1 a fibnllatory state and the intra
ventricular pressure decreases greatly and averages about 10 mm Hg
for a cardiac cycle then without much doubt the resistance to coronan
flow withm the myocardial wall must be considerably reduced The e
sultant increase in coronary inflow and outflow 1s believed to be caused
by the remanal of the actnve co-ordinated contractile process

Bmg You mean you remove the intramural resistance?

Gregg 1don t hnow how much we remotve it 1n the fibnllating heart

Bing It certanly cannot be much

Gregg It 15 1 believe quite a bit lower than in the beating heart
since as we will see a Iittle later coronary flow ncrements of the same
order of magmtude are obsened during ventricular asystole by vagal
stimulation

M Rusely Some years ago members of my laboratory focused mu
croscopes on the superficial layers of the myocardium of the beating
hearts of frogs to sce whether the contracting muscle fibers expanded
enough to squeeze the blood capillarnes between them sufficiently to
stop the blood flow 1n the capillartes ‘The particular procedure which
made many sharp clear obsen ations possible consisted of focusing the
mcroscope at a given positton of the heart beat qycle at which the heart
stood still for a moment By pressing slightly against one or more parts
of the anumal s body 1t was possible to have this moment of physical
arrest occur duning several different portions of the cardiac cycle Thus
the conditions of the vessels and blood in the myocardium were ob-
served 1n sharp focus many times at each of the successive phases of the
cardac cycle, but no microscope field was held 1n focus during a single
complete cardiac cycle The observations under the conditions of these
experiments were that the blood flow was stopped 1n the capillaries of
the frog myocardium during each and every systolic phase of the cardtac
contraction  The blood flowed i torrents through these vessels during
the diastolic portions of the cycle It seems probable that very high
5P°°dbl“'“:“0ﬂ Pﬁt\uu takeuf through the muscroscope would make 1t

1ble to recor rtions o
g?stshe S po such cycles and to measure the diameters
Gregg The same trend ta coro inflow (and coronary sinus flow
was obtamned by the induction ofn;cr{;ods of (z.systolc by \Zgnl sumula)
tion In the expenmment reproduced 1n F;gu!c 69 mflow in the circum-
flex branch of the left coronary artery maintained under 2 constant pres-
sure of 78 mm Hg (somewhat less than the prevailing aortic pressure
of 92 mm Hg) rose from 35 to 50 ml /mun during a short period of
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asystole induced by vagal stimulation During the asystolic period, the
left ventricular end-diastolic pressure remamed at 65 mm Hg 1 be-
lieve Dr Moe would criticize the significance of this flow response on
the ground that both coronary arteries should have been perfused dur-
ing asystole or during fibrillation to prevent blood from passing from
the perfused artery into the nonperfused artery As I have already inds-
cated, we do have many observations with the left and/or right coronary
artery being perfused simultaneously with similar directional flow
changes The record of mean aortic pressure gives values to answer Dr
Cournand’s earlier question The rate of pressure fall was about 10
mm Hg per second

78 mm Hg | PERFUSION PRELJvSURE X
92 mm Hg |CAROTID PRESSURE

50 ml /min
65 mm H
345 rnl/muJ CORONARY FLOW b1 SEC —— >
CIRCUMFLEKX

FIGURE 69 Reproduction of original record showing the effect of asystole on
blood flow 1n left circumflex ramus  Upper curve, mean carotid blood pressure,
middle curve, coronary flow, bottom curve, left ventricular pressure

Moe This record was taken during vagal stimulation?

Gregg Yes We have had much difhiculty 1n matntaining the ven-
tricles of such hearts in the relaxed state for any long period of time
with vagal stimulation or with other procedures The question can be
rassed whether a portion of the coronary flow increase during vagal
stimulation 1s explamnable on some basis other than the removal of
myocardral contraction rather doubt 1t, because of the initial rapidity
of the rise of coronary inflow and its maintenance at this level and be.
cause following induced ventricular fibrillation the addition of vagal
stimulation has been found not to increase further coronary flow

Table XXV gives data showing the direction and magnitude of
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changes 1n left coronany nflow 1nd coronan sinus outflow during clec
trcally induced ventricular fibnllation and duting ventricular asystole
caused by vagal stimulation This data was obtained with cither the
common left coronary attery or both coronary artteries perfused at a
constant pressure  The responses were mduced with a varable reltion
of aortic to constant perfusion pressure (Perfus Press ) with varying
degrees of blood oxygen saturation and in the presence of drugs The
table indicates that augntentations of coronary 1nflow with both fibril
lation and asystole were 1n the same general range the flow incretses
exceeded the control values 1n the beating heart by 25 to 81 per cent
As a result pressure flow relationship decreased the nmgnltu(rc of the
decrease was from 21 to 23 per cent

AMoe Perfusing all the coronary branches doesn t change the funda
mental concluston?

TABLF \\V

Effect of Ventrieular Fibmllation and Asystole on
Left Coronary Inflow

Left Coronary Flow ’ Pressure/Flow
Cont * | Exper t{ Inc Cont | Exper |Change
mi ml % ml ml ml  |Dec %

Fibrillation
321 43 | 33 31 | 24 | 07 | 25

25 | 411 76 32 | 18 | 14 | 43
40 67 1 70 20 | 12 | o8 | 41
33 53 %% 10 | 06 | 04 | 37
59 74 | 25 12 |10 |02 | 24

5L 93 15 | 08 | 07 | 45
41 61 20 | 13 | 07 | 34
147 | 180 06 03 01 17
93 | 154

06 04 40
07 02 22

Control dats.
+Expenimental data,
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Gregg No It will, however, change the magnitude of the effect by
a very small amount since a small volume of blood passes from one
coronary artery to the other (or to a coronary arterral branch) unless
the perfusion pressures in both arteries are approximately the same

In summary then, when co-ordimnated shortening of left ventricular
muscle fibers 1s removed, both left coronaty artery inflow and coronary
stnus outflow rise considerably The new flow level 1s believed to repre-
sent that state of dilation of the left coronary artery attributable to the
intrinsic smooth muscle 1n the walls of the coronary vessels The extent
of augmentation of coronary inflow with these procedures 1s believed
to represent quantitatively the magnitude of the limitation of coronary
inflow exerted by the extravascular or mechanical factors 1n the ven-
tricle  Myocardial action during systole tends to throttle coronary flow
through the left ventricular wall This factor 1s variable and large, and
can reduce the left coronary inflow by as much as 50 per cent The asy-
stolic technic 1s believed to provide a method of separating and quanti-
tating those mechanical factors governing coronary flow and those fac-
tors having a direct action on the smooth muscle of the coronary bed

Green Would you conclude from this that the fibrillation process
itself exerts a mechanical impediment?

Gregg No, or at least probably no more than the asystolic process
because if a heart 1s successtvely fibrillated, countershocked, and then
placed 1n asystole with vagal stimulation, and at the same time the com-
mon left coronary artery inflow 1s measured 1n the presence of a con-
stant perfusion pressure, it 1s found that peak flow values during the
fibrillation and asystolic periods are about the same Of course, placing
the hearts 1n asystole 1s a much more convenient procedure

Green Have you taken a heart, put 1t in asystole, and then subse-
quently fibrillated that same heart to see what effect that onset of fibril-
lation had on the flow?

Gregg No This has not been done

METABOLISM OF THE HLART DURING DIASTOLE

The second problem I wish to consider 1s the measurement of the
metabolism of the heart during diastole Knowledge of the economy
with which the myocardium utilizes oxygen depends upon 1ts solution
An approxmmation to the efficiency of the whole body during exercise
can be obtained by measuring the external body work and dividing this
by the difference between total body oxygen consumption and the oxy-
gen usage of the body during rest Similarly, the efficiency of a beating
Feart can be calculated from the relation of cardiac work to the differ-
ence between the oxygen usage of the beating heart and the oxygen con-
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sumption of the resting heart However the oxygen consumption during
the relaxed or resting phase of the cardiac cycle 1s not measurable and
hence ts of unknown magnitude Its tnclusion in the efficiency calcula
tion gives too low an effiaency at low levels of cardiac worh while at
high levels of cardiac worh 1ts presence gives the illusion of a nsing ef
ficrency

It occurred to us that the asgstolic heart supplied the phystological
situation in which the resting metabolism of the heart could be measured
and would thus permit the determnation of a more nearly precsse value
for carduac efficiency Accordingly left coronary inflow and the coronary
artertovenous oxygen difference were measured continuously as the ex
posed dog heart was put into asystole by vagal shimulation The expert
mental procedures were sumular to those already described with the ad
ditron that for the determination of its oxygen saturation coronary staus
blood was sampled either continuously or intermuttently by pulling 1t
by syninge through a densitometer (2) the other end being connected

TABLE AXVI

Effect of Ventricular Asystole and Fibrillation on the
Oxygen Consumption of the Left Ventricle

Left F?)rcm.ry Coronary Sinus cs o
MBP o Flow AVO, | Usige
State |mm Hg| ml/min ’% Dif | ml/mun |% Dif | Dif ml/mun
1
Cont 120 105 ——— 54 —_—— 115 121
Asyst. 168 +60 41 —14 61 102
Cont. 17 93 —— 34 ——— 108 102
Asyst 142 | 4350 | 48 | +4o 74 | 105
Cont 95 34 11
1 — e 9 113
At Ml g (| 0 [0 sz | 70
Cont 94 38
118 -—— — 58 54
Asyst 166 | +76 59 +36 33 54
Cont 125
108 J— — ———— 145 181
Asyst. 147 | +18 | __ |__.__ | 102 | 150
Cont. 60
83 —_—— - —— 13.2 75
Fib 2 40 —33 - P 115 40




260 Shock and Cnculatory Homeostasis

to a small plastic tube threaded down the larger tube to a position just
within the coronary sinus

Table XXVT illustrates some of the preliminary data These show
that oxygen consumption of the myocardium during prolonged asystole
(up to 30 seconds) may be only moderately reduced from that obtained
just before asystole 1n the naturally beating heart The usual changes
during asystole are a rise 1n left coronary inflow and a marked decrease
in coronary sinus arteriovenous oxygen difference combining to give a
reduced figure for oxygen usage as compared with that during the con-
trol period in the beating heart The changes beyond 30 seconds of
asystole are not known

When co-ordinated contractions are removed by induced ventricular
fibrillation, oxygen usage 1s also fairly well maintained initially, but
after a longer period of fibrillation this value 1s constderably reduced In
the example 1n Table XX VI, at the end of 2 minutes, 1t 1s reduced from
75 ml to 40 ml /min This confirms earlier work (26)

Montgomery How long were the asystoles after the termunation of
the last contractions?

Gregg We have not been able to extend this period beyond 30 sec-
onds It 1s difficult to believe that these figures represent the resting
metabolism of the heart However, we are confident that the values are
essentially correct and represent the amount of oxygen retained by the
left ventricle during these pertods of ventricular asystole or fibrillation

Brng These are all perfused coronary arteries?

Giregg' That 1s correct

Stead This would lead one to think of the heart as normally having
an oxygen debt

Gregg It certainly would As I indicated earlier, it was hoped that
these values could be used to calculate ventricular efiiciency That, of
course, would be hazardous Possibly Dr Bing can help us with their
interpretation

Brng. 1 do not know what they mean If this 1s true—and it certainly
seems to be—the effictency which we usually calculate for the left ven-
tricle 1n the human heart would be far too low

In other words, if the oxygen uptake or the oxygen usage of the heart
1s to a large extent due to the resting metabolism, then the oxygen used
for useful work would be much too high 1n our calculations and the ef-
fictency of the heart would be much greater Simply stated, the efficiency
of conversion of chemical energy to useful work would be a great deal
higher

Of course, what you measure here 1n these oxidative figures may be
simply the eficiency of energy production 1n the muscle, the figures for
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the effictency of energy Fmductxon 1n the atric acid cycle are close to 60
percent It doesn t really surprise me to find such relatively high oxygen
figures 1n your results What you measure, Dr Gregg 1s the metabolism
of the heart at rest but the term  fibrillation mplies of course that
there 1s some actinity We found that the first metabolic changes that
happen during fibrillation that 15 as soon as a sample can be taken are
indicative of a very severe anoxia of the heart muscle Pyruvate lactate
and 1organic phosphorus appear m vein blood 1n creased amounts
It would be \ery important to check up on some of the metabolic pat
tems 1n the dogs 1n which the coronary artery 1s perfused in order to
determuine whether or not energy production has been impaired Have
you made any metabohic studies?

Gregg No

Montgomery Twondered if you had related this to the oxygen uptake
per gram of muscle with barbiturates and then gone back to simple oxy
gen uptahe to see what mught be expected to be the basic oxygen uptake

Gregg No

Montgomery There are figures for that are there not?

Gregg Yes we have made measurements of 17 t1fro oxygen consump-
tion 1o myocardial slices before and during ventricular fibrillation when
the left coronary artery inflon was maintained and was not maintained
In the presence of ventricular fibrllation without maintenance of cor
onary perfusion, oxygen consumption 1n biopsied left ventricular tissue
1s sigmficantly elevated In ventricular fibrillation with coronary perfu
ston there was no significant change 1n the 117 11ro0 oxygen consumption
from that n the beating heart (26)

Montgomery In other words the 4-ml value (Table 26) 1s about
like a barbrturate figure for oxygen usage n & nonbeating 1solated heart

Bareroft Might I refer once more to the work by Kramer and his col
leagues (27) T think I am right 1n saying that they also followed the
oxygen consumption changes of the muscle before during and after
pertods of thythmic contraction Probably Dr Gregg 1s more famuliar
than I am with this particular work.

Gregg Iam sure Prof Barcroft 1s correct

Barcroft 1think they did and my recollection 1s that they found that
the oxygen consumption increased during the contraction period and
that the oxygen consumption fell off exponentially afterward as Dr
Stead stated

If there 1s an analogy between the behavior of the heart and the be
havior of the sheletal muscle that might lead one to suppose that about
15 seconds after the end of the contraction of the heart would perhaps
correspond with a pont somewhere on the decline of the oxygen usage
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in the skeletal muscle If this process were falling off more or less ex-
ponentially in the heart as 1t does in skeletal muscle, then perhaps that
might explain to some extent why the figure with the fibrillating heart
1s lower The interval was longer with the fibrillating heart, although
the fibrillating heart 1s not quite analogous with an asystolic heart be-
cause the asystolic heart would probably be more at rest than the fibrl-
lating heart which 1s twitching all the time

Brng 1do not think, Dr Stead, that you can use this as evidence of
oxygen debt Dr Gregg supplies oxygen to the heart at all times, as I
understand 1t, you would have to demonstrate an accumulation of metab-
olites which are burned during the recovery phase, I do not see how
you can make a conclusion without this evidence

Baicioft 1think Dr Kramer did use the term “oxygen debt” for the
mtake of oxygen after the end of contraction

Shoi11 We have some figures for the oxygen debt of mammalian skel-
etal muscle strips following a one-second tetanus at 37 5° C It takes
about 30 seconds for the heat production to return to resting values
and hence for the oxygen debt to be pa:d (28)

Wood. Dr Gregg, have you done any serial artertovenous differences
during periods of asystole? I would think if 1t were along the same
lines as Dr Barcroft’s reasoning, a decline would occur, if you took a
continuous sample through your densitometer, you should see it

Gregg' I have no doubt that we will find what Dr Barcroft has indr-
cated During ventricular asystole and after the initial rise of per cent
oxygen saturation in the coronary sinus and of coronary inflow, the latter
value can be observed to decline somewhat, so that it 1s quite possible
that after a period of ventricular arrest longer than 30 seconds the oxy-
gen usage will reach a lower level

Green If an oxygen debt were being paid off, there should be a much
greater change 1n the oxygen utilization between the control and the
experimental period

Bing That 1s what I tried to say

Green Is there some possibility that there 1s a different type of coro-
nary sinus drainage between the normal and the asystolic heart so that
there 1s an artifact type of record in one or the other situation so far as
the total oxygen situation s concerned?

Gregg You mean that we may be withdrawing oxygenated blood
from the left ventricle through thebesian-like connections

Green Iwould not care to say what the error was, but have you ruled
out the possibility that there 1s differential draining under different

conditions”’
Gregg There are artertovenous shunts 1n the coronary bed and 1t
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could be that some blood 1s traversing them as the heart relaxes I hnow
of no method to test this possibility critically However the associated
nise of coronary sinus flow dunng asystole and ventricular fibnllation
would mitigate this occurrence

Shorr You cannot avoid the fact that oxygen 1s used Regardless of
the disstpation 1t ts used It disappears

Bing It would disappear Dr Shorr but the energy producing pro
cess which 1s continually going on 1n this muscle necessitates the use of

S%j:r Yes but then you have to assume these processes are going on
at such a rate as to require the same amount of oxygen as when the
muscles are working

Moe We Lnow that the mean oxygen tension in the whole muscle
mass must be considerably less than in the astenal blood and f the heart
1n asystole used absolutely no oxygen at all 1f its metabolism were zero
how long would 1t take before the coronary sinus blood would come
mnto equilibrium with the arterial blood? All we know here essentially
18 that oxygen has been removed from the blood 1n passing through the
heart. We do not know that 1t has been used

Shorr How else do you remove oxygen except by using 1t? You can
not force the oxygen to be used 1f the muscle 15 only working to a much

lower extent

Moe It will diffuse from blood 1nto tissue as long as the tissue tension
1s less

Shorr At a steady state are you going to keep on losing oxygen con
tinuously ?

Nickerson Dr Lee (29) has studted oxygen consumption 1n ssolated
paptllary muscles where long periods of asystole ate possible He found
that the Qo, was increased about 50 per cent above the resting rate by 1
per second stimulation of the muscle

Gregg The data which I have presented are believed to represent the
amount of oxygen retaned or used by the heart for the performance of
sts worh after the work period has been terminated by asystole 1 would
feel that ths 1s 2 metaboltc retention and might be called the oxygen
debt of the heart

Stead Dr Bing can you tell us how the amount of lactic zcid which
13 comung out of the heart at this time compares with that which comes
out of the skeletal muscle when 1t 1s building up an oxygen debt?

Bing 1 do not know about sheletal muscle The only experiments
(30d) Thave which are relevant to your question are those that have been
made on the fibrillating heart without mamntaining any pecfusion what
socver and 1 do not think these data are at all comparable because n
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that case you cannot speak of any oxygen debt, as circulation 1s not re-
established and a “debt” cannot be measured

Stead Does lactic acid appear 1n the coronary sinus 1n the normal
beating heart?

Bing It does not The normal heart uses up a very considerable
amount of lactate

Stead- 1t never makes 1t, so far as you know, under normal circum-
stances”?

Bing No, and not even 1 moderate 1schemia does 1t produce lactate
If you produce experimental coronary occlusion with glass spheres,
pyruvate alone appears in coronary vein blood But if myocardial 1s-
chemia 1s severe, then both pyruvate and lactate appear 1n coronary vein
blood with great rapidity and 1n very sizeable amounts It 1s just a ques-
tion of how severe the myocardial anoxia actually 1s

Stead Dr Gregg, did you tell us how close these are to the top figures
you can obtain in coronary circulation with these particular kinds of
pressure? How much, with administration of drugs or other things,
can the coronary flow go above this 168 you have for the left coronary?
Do you know where they stand i regard to the state of maximum cor-
onary flow?

Giregg 1 would say that this flow figure would be not more than 50
to 60 per cent of the maximum flow possible for a heart or dog of this
size
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that case you cannot speak of any oxygen debt, as circulation 1s not re-
established and a “'debt” cannot be measured

Stead Does lactic acid appear 1n the coronaty sinus in the normal
beating heart?

Bing: It does not The normal heart uses up a very considerable
amount of lactate

Stead- It never makes 1t, so far as you know, under normal circum-
stances?

Bing No, and not even 1n moderate 1schemta does 1t produce lactate
If you produce experimental coronary occluston with glass spheres,
pyruvate alone appears 1n coronary vemn blood But if myocardial is-
chemia 1s severe, then both pyruvate and lactate appear 1n coronary vein
blood with great rapidity and 1n very sizeable amounts It 1s just a ques-
tion of how severe the myocardial anoxia actually s

Stead. Dr Gregg, did you tell us how close these are to the top figures
you can obtain in coronary circulation with these particular kinds of
pressure” How much, with admmistration of drugs or other things,
can the coronary flow go above this 168 you have for the left coronary?
Do you know where they stand 1n regard to the state of maximum cor-
onary flow?

Gregg 1 would say that this flow figure would be not more than 50
to GO per cent of the maximum flow possible for a heart or dog of this
size
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Cardiovascular system, 1n dog, strain
in, 248

Cat
brain of, oxygen tension on surace,
measurement of, 95
hepatic sinusordal pressures 1n, versus
portal vein pressures, 143

Catheter
1n measurement of pulmonary blood
pressure, 172-181
artifacts 1n, 172-174
wedged into hepatic vein for esti-
mation of pressure, 138-139,
141

Catheterization, cardiac, in blood flow
measurement, 196-197

Cathode, 1n oxygen tension determina-
tion, 96, 100

Central nervous system
action of epinephrine on and over-
shoot, 24-26
sympathomimetics, respiratory and
Parkinsonman response to, 15

Ccrebrum See Brain

Chlorpromazinc, and liver exclusion
from circulation, 1n eviscerated

rats, 147
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Choroidal artery tying-off of antenior  Circulation—Contd
2 schema of hepatic normal 140

Chyle, flow 1n Iymphatics of rat schema of hepatic 1n portal hyper

mesentery 113 114 tenston
with cirthosis 154
Circulation extrahepatic 158

ability of to remose and supply
diffusable substances 38

arrest of
m arm, (n pressufc plethysmo-
graphy 50

and oxygen tension of shin of toc
of normal female 102
from artery to vein, modification of
Poiscuille s law for 65
blood volume and temperature
changes in, 81
bronchial v ersus pulmonary 185 186
in apillanes res| to dose and
rate of epmephnne infusion
32
collapse of after Iiver removal, 147
coronary  ead ventricular systole
248 258
m forearm, and cpinephrine meth
ods for measurement of results
3256
general
and intravenous epincphrine 23
24

and overshoot theory 30
and hemorrhage, 69 70
nterruption of 1n extremity and

blood volume 1n 181 186

capilary  ventdation and
fusion of alveols \n, 212

changes 1n, at burth, 186-187

wn hemorrhagic shock, 208 229

and hypoxs, acute, 193-197

nerve control 1n, 187 190

rate of methods for

‘n& %mmc 42

with p] ograph, 32 36 35

radio-sodium clg;ﬂ'\cc 44-47

shift of in body to periphery and
acclimatization 84 85

n sPl:nchnlc area, 121 162

strain and aortacaval versus bilateral
iltac or iliac femoral fistulas
239 241

in strated muscle  differences be
tween  plethysmographic  and
sodtum clearance curves 60-61

surface muscle and internal tissue

of symfnthchc nenous system, and
epinephnine 17

systemic and pulmonary comparison
of 166-168

See also Blood flow

Circhosis

adaptation of splanchnic system to
136

of liver wath portal hypertension,
schema of hepatic arculation
n, 154

Clot, laminated, pressure and volume

response to 1n left atnum, 176

Congestion 10 lung after acute hemor

rhage, 226 227

Conoective tissue, and sodtum clear

ance, 61

Coronary artery

blood flow of 232 264

left, during venteicular asystole
and fibnllation, 259

maxicoum figuee for 264

mechanical effects of ventricular
systole on, 248 258

1n open-chest dog 250

m veatncular fibnllation, 232

Coronaty stous, dramage  between
normal and olic heart and
artrfact type of record 262 263
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Cuft
arm, and capillary pressure, 53-56
thigh, position of and accuracy of
plethysmographic method, 32-
33

venous, congestion, and reflection of
pressure, 67

D

Davies and Brink electrode, for de-
termination of, oxygen tension,

97

Dead space
physiological, during hemorrhagic
hypotension, 208-211, 214,
228-229
pulmonary, definition of, 210

Desoxyephedrine, respiratory and Park-
insonian effects of, 15-16

Dextran
anemia induced with, recovery re-
sponse to shock after, 1n dogs,
124
plasma volume increase induced
with, 136

Diabetes mellstus, adaptation of
splanchnic system to, 136

Diastole, metabolism of heart during,
258-264

Dibenzyline, protective action of, 1n
eviscerated rats, 147

Diffustion
factor of for heat and for sodium,
73-74
phenomena, 1n blood flow measure-
ment methods, 57-58

Dog
acute and long-term effects, of

changed environmental temper-
ature 10, 85
arterial oxygen content and hemato-
crit 1n, 1n hemorrhage, 220
arterenol and epinephrine as cercbral
vasoconstrictors 1n, 20

Shock and Cnculatory Homeostasis

Dog—Comtd

artertovenous fistula in, blood in-
fusion responses 1n, 240
exposed heart of put into asystole by
vagal stimulation, 259
hemodynamic responses to exercise
1n, 245
hemorrhage
bromsulphalein excretion 1n, 127
hepatic blood flow versus artersal-
hepatic venous oxygen differ-
ence during, 124
shock due to, response to 1n sum-
mer, 88
and human, differences 1n and wedge
pressures, 174
hypotension 1n, tidal volume and
dead space changes during, 211
isolated and perfused muscle of,
total blood flow and local
sodium clearance 1, 62
isopropylarterenol as dilator in, 20
open-chest, phasic coronary flow
curve 1n, 250-251
per cent saturation of arterial blood
fatalities, 216
survivors, 215

Drug, responses to, 188-190

Ductus arteriosus, patent, venous blood
return through, 186-187

Dye-dilution technic, and systemic
circulation, 242-243

E

Ear, warm blood, measured by oxi-
meter, 104-105

Edema
pulmonary, 226
and perfusion of unventilated
alveols, 227

Elbow, vein of, congestton 1n and fluid
accumulation, 51

Electrode
in arr-saturatcd saline, current volt-

agc curve for, 95
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Electrode—Contd

open type platinum for determna
tion of oxygen tension 97

Emotion, attitude theory
Lange theory of 16

Emphysema, pulmonary arteral oxy
gen saturation and mean pulmo
nary pressures in 198

Endothelum, wall of as barrrer of
diffusion, 74

and James

Ephednine as sympathomimetic 15 16

Epincphnne
actien of 975
direct on blood vessels and over
shoot theory 30
on nervous system, and anxiety
9 1215
and exerase, 69
and flushing 21 22

tic I’CSPOTUG to
thood flow 136 138

pressures, 142 143
sphincter 146
influence on sodium clearance and
resting blood flow 37
action of on vasomotor
center 30
intravenous
and apllay filtration rate 1n
foraarm, 32 56
methods for measuring blood flow
after 3247
10d nte of radio-sodium disap-
petrance from blood flow
through calf 45
local injection of and sodum clear
ance technie, 62
Qxygen consum following 136
paradox of 1n lZi(c-um“bhng bloogl flow
rate in forelimb without change
n apdlary filtration, 6263
cquations for acalysis of 64 66
and pu arculation, 189
1nd reduction of blood flow in
Mmeseateric artery n dog 147
surface applicanon and direct mnjec
tion into tissue, 117

275

Epinephnine—Contd

lymph vessel and blood responsc
to 118
time factor for 1n stimulation of
breathing 10 11
and tissue flurd formation rate of
n forearm 31 56
vasconstriction after 21 30
in blood vessels of hand after
sympathectomy 27 31

Crythremiz  adaptation of splanchnic
system to 136

Excruise
adaptation of splanchnic system to
136

and anoxia
mixed venous blood oxygen ten
sions 10, 195 196
ventricular to 232238
and blood flow t{:rough chloralosed
dog's gastrocnemius muscle
254
versus  catbon  dioxide inhalation
flow and pressure changes after
191 193
circulatory response to  pulmonary
and systemic 167
hemodynamic responses to in dog,
245

human response to versus blood in
fusion 1 fistula dogs, 239
and hypoxia, pressutes and flows
during
after breathing oxygen nitrogen
muxture 200
1n emphysema 199
muscular  and responses to ep1
nephnne, 69
position duning, blood volume in
lung vessel response to 184
on treadmull
rate duration and grade, 233
at sea level and at hugh slutude,
234 237

Extremity
blood flow into and escape from,
during veaous pressure 67
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Extremity—Contd

circulation 1n part of, methods for
measurement of, 32-47, 55

oxygen tension surface temperature
relation 1n, 107

See also Arm, Calf, Foot, Forearm,
Hand, Limb

F

Face, flushing of, and epinephrine, 21-
22

Fainting, adaptation of splanchnic sys-
tem to, 138

Fat, dictary, and lymphatic mesentery
in rat, 117-118

Fear, visceral sensations with, after
arterenol or epmephrine 1n-
fusions, 15

Fetus, lung bypass in, by returning
venous blood, 186

Fibrillation
process, as procedure 1n coronary
flow studies, 258
ventricular
and asystole, left coronary inflow
response to, 257
with coronary perfusion, oxygen
consumption, 259, 261
and phasic coronary flow curve,
251-252

Fibrinogen, synthcsis of, as measure of
liver function, 153

Fick principle, error 1n calculation of
blood flow with, 168-172

Fistula
aortacaval, rcsponses to various

stages 1n, 248
arteriovenous, 1n dogs, blood 1n-

fusion 1n, 240
bilateral iltac or thiac-femoral versus

arteriovenous, and circulatory
strain, 239-241

Shock and Criculatory Homeostasis

Fluid

balance, and hot environments, 82

escape from capillaries and change
in number of functioning capil-
laries, 68

extracellular and dispersement of
radio-sodrum, 59

filtration of into tissues, and blood
flow after epinephrine, 56-57

in lymphatics, changes 1n amount of
from muscles, 119

saline flow, during wedge pressure
measurement, 173

tissue 1n forearm, formation rate and
swelling 1n, during venous con-
gestion, 51

Foot
circulation 1n, plethysmographic
method for measuring rate of,
32-34, 36
subcutaneous tissues of, clearance of
sodium 1n and reflex heating,
62

Foramen ovale, venous blood return
through, 186-187

Forearm
capillary filtration rate 1n and intra-
venous epinephrine, 52-56
circulation  1n, plethysmograph 1n
measurement of, 36
congestion induced 1n, for pressure
plethysmographic method,
54-55
intracapillary pressure without ven-
ous congestion, equation for,
64-66
radio-sodium clearance 1n before and
during epinephrine, 47
swelling 1n, 51
time factor 1n calculation of
amount of, 51, 67
tissue
fluld volume, after epincphrine,
51-56
plcthysmographic measurcment of
changcs 1n volume of, 48
pressure, 1n venous congestion, 63

I'rcquency rate, of tremor, and cpi-
ncphrine, 19-20
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G

Ganglia, basal, and Parkinsomism 17

Gas
diffuston coefficient of and diffusion
himtations within tissues 3
radroactive into muscle time con
stant for clearance of 49

Gas exchange
durning hemorthagic shock, 211
hemodynamic vaniation following
acute hypoxia, 19%
Geiger Muller counter recordings
with, 1n radio-sodium clearance
method, 43

Gibbs needle calibration of 13-4

Glucose infusion adaptation of
splanchnic system to 136

Gragson needle versus Hensel ncedle
38
Gurst test, with epinephnine 18

H

Hamilton s prnaiple, method for meas
urement, of pulmonary blood
volume, 181

Hand

blood flow 1n
and epinephnine, 21 32
pleﬂflyugognph for measurement
of 3

blood vessels of supecsensitivity of
to epinephrine after sympathec

Heart
arrest, method for 299
and blood infusion in fistula dogs
239 242
lation of cor bed and ven
tricular systole ” 249

with ;;lzpty vessels inflow 1n, 253

277

Heart—Contd

level of versus cathcter tip pres
sures corrected to 184
mctabolism of
dunng diastole 258 264
resting oxygen uptahe 260 261
oxygen arteniovenous difference and
consumption n hyperthyrord
1sm 129
response
to arterenol or cpinephrine n
fusions 12
to excrase 231239 241
maximum beyond resting lovel
243 248
work and excrase 243

Heart falure

adaptation of splanchnic system to
136

cardiac index and muxed arterioven
ous oxygen difference 123

congestne and oxidation of amino
aad 132133

and direct measurement of total
blood volume, 90

splanchnic flow versus arteriovenous
oxygen difference 1n 121

Heart rate
dunng blood 1nfusion in fistula dogs
240

after intravenous infusion of ept
nephrine 24

method for measurement of 233

after sympathommetis 15 16

and treadmill exercise at sea level
and at high altitude, 234 237

Hematoent, 233 236

blood flow rate in forearm, 64

change 1n duriog hemorrhagic shock,
220

and changed cnvironmental temper
ature 85

10 fistula dogs, 242

and oxygen content ratio i hemor
rhagic normovolemic and
oligemic shock, 220 222

in polycythema, 137
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Hemodynamics, of doubling blood flow
rate without change 1n capillary
filtratton, after epinephrine, 62-
63

Hemoglobin, 233, 236

association curve, 202

change 1n, during hemorrhagic
shock, 220

and changed environmental temper-
ature, 85

ratto of to hematocrit, for mean
corpuscular hemoglobin concen-
tration, 220-221

Hemoperitoneum, and blockade in
liver, 148
Hemorrhage
adaptation of splanchnic system to,
138

blood flow pressure relation in, 147
and circulation, surface muscle and
internal tissue, 69
hepatic blood flow versus arterial-
hepatic venous oxygen differ-
ence during, 124
hypotension of
alveolar and arterial oxygen ten-
sion 1n, 217
dead space during, 208-211, 214,
228-229
minute ventilation volume and
respiratory  frequency during,
209, 213
tidal volume during, 209, 211,
213
100 minutes of hypotension, per cent
oxygen saturation of arterial
blood of
fatalities, 216
survivors, 215
reduction of splanchnic blood
volume after, 1n dogs, 86
shock due to
artertal oxygen content and
hematocrit 1n, 220
pulmonary circulation 1n, 208-229
terminal lymphatics 1n, contractions
and vasomotion of, 119
32 to 65 per cent of blood volume,

Shock and Crculatory Homeostasis

Hemorrhage—Contd

bromsulphalein excretion 1n, 1n
dog, 125-127

Henderson-Hasselbalch equation and
value of arterial oxygen and
carbon dioxide tension derrved
from, 217-218

Hensel thermoelectric needle
deflection of record and deflection 1n
blood flow, 41-43
description of, 38-39
method, for measuring effects of in-
travenous epinephrine infusion
on blood flow 1n forearm, 32,
38-44
and plethysmograph, 55
simultaneous calf blood flow re-
cordings with, 38, 40
and sodmum clearance methods,
discrepancies 1n, analysts and
equations for, 62-66

Hepatitss, adaptation of splanchnic sys-
tem to, 136

Hexamethonium, and shift of circulat-
ing blood volume, 1nto splanch-
nic vasculature, 86

Histamine
epinephrine for reversal of effect of

on liver, 145-146
local 1njection of and sodium clear-
ance technic, 62

Homeostasts, of temperature, compen-
satory vasodilation for aftcr epi-

nephrine, 25

Hostility, and unexpressed anxicty after
epmnephrine, 21

Hyaluronidase, with radioacttve sodium
injection, rate of sodium rc-
moval from tissuc aftcr, 61

Hypcremia, reactive
aftcr circulation arrest 1n forcarm,
pressure plethysmograph, 48
and cpincphrng, 21-22, 23
ancrso tum clearance technie, 62
aftcr sympathcctomy, 29
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Hyperproea epincphrine aad base
balance dunng 13

Hypertensron
adaptation of splakchnic system to
136

portal, hepatic wedge pressure 1n
146

portal «hema of hepatic arculation
i arthosis with 1914
m extrabepatic 194
pulmonury wedge pressure and
pulmonary artery pressure 17)

Hyperthyroidism
apation of splanchnic system to
136

ardiac index and hepatic blood flow
in, 128

matabolic rates in sncrease n total
and splanchate 130

Hypertrophy  muscular pressure and
‘olume response to n left
atnum, 176

Hyperventilation
and carbon dioxide, 11
and vasoconstriction after
cpinephrine 23

Hypoglycerma
tosulin and Parkinsonuan tremor 1%
and glucose, 15

Hypotension, hemorrhagic
and bloodless lung n, 214 226
frunute ventilatron volume and respt
mtory frequency during, 209
Oxygen consumption versus mixed
VEnous oxygen saturation 127
percent saturation of arterial blood
mn dogs
fatalities, 216
survivors, 215
portal pressure mse 1o, 133
tidal volume duting, 205 211
volume of dissolved oxygen in
artenial blood 1n 224

Hypoxia

nd exercise pressures and fows
duning

279

Hypoxia~Contd

aftee breathing oxygen mitrogen
mixture 200
tn cmphysema, 199
gas exchange hemody namic s aration
following acute 1998
Iner plasma unic acad as index of
132153
time required duning for tespiratory
exchange ratio to return to
normal 1)3 196
umilateral - associated with artenal
blood hypoxcmua 202 201§

1
lodine radicactive m muscle time con
stant tor Jdearance 59
lschemia versus anoxia, 150 151

Isopropylarterenol as dilator in dog
20

J
James Lange theory of emotions 16

Jaundice obstructine adaptation of
hepatic system to 136

1N

King cyan hematin method hemo-
globin cheched with, 225

Krogh Landis-Turner s capillary filtea
tion method, fication ot
for measuring results of iatra
venous epinephrine 47 51

L
Lactate, production of 264

Lactic aad
in blood, durning shock, 152
and change 1n pH due to ept
nephrine, response of respt
mtory center to 12
Lacnnec s arrhosis, 1ntravenous amino
aad 1n oxidation of 132
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Leukemta
adaptation of splanchnic system to,
136
chronic myelogenous and splanchnic
area, 137

Liebow’s technic, for injection, 141

Limb
peripheral, tremor 1n and oscillatory
arc, 19
sympathectomized, constrictor effect
of epinephrine 1n, 25-26
tissue pressures, tn plethysmographic
method, 35

Liver
cat, circulatory setup of, 142
circhotic
and oxidation of amino actd, 132
schema of hepatic circulation 1n,
154
enlarged, in chronic leukemia, 137
function, prothrombin synthesis as
measure of, 153
1n hemorrhagic shock, 147-149
oxygen tension measured polart-
graphically, 149
hypoxia of, plasma uric acid as index
of, 152-153
and myocardum, difference 1n oxy-
gen consumption of, 125
outlet valve mechanism, 145
oxtdation destruction of uric acid by,
n shock, 152
and portal vein bed as blood reser-
voirs, 119, 145
removal of, and circulation collapse,
147
right lobe of, roentgenogram of
catheter wedged 1n small vein
of, 139
in splanchnic flow and oxygen con-
sumption comparison, 121
storage of blood by, 82
work of, 1n hyperthyroxdlsm, 130

Lung
blood flow through
each separately, simultaneous

measurement of, 196-197
relation to pulmonary artcry pres-
sure, 182-184

Shock and Cuculatory Homeostasis

Lung—Contd

schema for measurement of each,

201

bronchial circulation 1n, and pulmo-
nary circulation, 185

bypass, by returning fetal and pla-
cental venous blood, 186

capillaries, oxygen uptake by, 172

carbon dioxide tension in and
pulmonary arterial pressure,
191

denervation of, 1n man, and pressure,
202

dissection, 1n prg, 180

drainage of blood, 1n unwedged
system, 178

dry and bloodless, in hemorrhagic
hypotension, 214, 226

oxygen furnished by, time measure-
ments for, 104-105

oxygen supply to, by pulmonary
artery, 186-187

response to breathing mixture of
oxygen-nitrogen, 197, 200

shift of blood to, by anoxia, 191

vasoconstriction 1n during shock, 214

ventilation/perfusion ratios and dis-
tribution of inspired arr, 227-
228

Lymph
hepatic, protein concentration 1n,
142
movement of flow, mesentric lym-
phatics aid of, 112-119
valve, as acttve organelles, 117

Lymphatics
capacity changes 1n response of blood
and blood cell reservorrs to,
119-120
of rat mescntery, 112-119

M

Mcsentery
precapillarics 1n, closure of, and sclf-
rcgulation of blood pressure,
70-71
rat, lymphatics of, 112-119



Inden

Metabolism

and atterenol, breathing after 1njcc
tien of 11

and epincphnne 10 11

of heart duning diastole 298 261

tates 10 by hyroidism, increase in
!dﬂm s;rl:nchmc 130

simulating action on lactic actd and
change 1n pH after 12

Methodology 1n measurement of action
of cpinephnine 32 73

Minute ventilation volume dunng
hemorthage hypotension
breathing room air 209
1mspinng pure oxygen 213

Mutral valve, sterosis of
artetioles and small caliber vessels
m, 188
and wnsufficiency contours of wedpe
and left atmal pressures in 173
176 181

Mouse
external oblique muscke of architec
tural pattern of 71
intabality and convulsion 1, with
msulin hypoglycemia 21
spleen of concentration of blood
cells stored tn sinusord 1n 88

Muscle
blood flow
sumultancous recordings with
Hensel needle and plethysmo-
phic methods, 38 40 44
0d water temperature in plethys
mographic method, 3%
::]dlﬂ. dimensions of 70
8 1 volume of tiss
i, 119 uc SPGKC‘S
‘ontraction, and blood volume n
orearm duning plethysmogra
phic method, 54 | 8
ency of ener rod
260,061 Productien tn,

s
blo:;i4ﬂw response to exercuse 1n

281
Muscle—Contd
clearance constant in different
rts of 60
heat How relationship in 81 82 84
8%

n hyperthyroidism 130
mert gas uptahe by and molecular
weght 39
solated  and  perfused dog  total
blood flow and local sodium
clearance tn 62
oxygen uptake by 261
pressure volume relation 247 018
radicactine solutions mto time con
stants for clearance 39
and reaction to drugs, 188
resting lymphatic flow and sodum
clearance constant 61
sheletal
clearance from and pressurc
volume relation, 69 70
of forearm and cpinephrine 36
usage in versus heart
261 262
resting and active states, oxygen
requirements for 72
and ventricular fibnllation 233
25%
and shin
fluid formation 1n 51
versus heart and brain arterioven
ous oxygen difference, 129
striated factors lumiting sodium
movement rate out of 57
of thigh and forearm, plethysmo
gnplgu;'or measuring curcula
tion ges 0, 36
Myocardium
action of durning systole, 238
and control of coronary flow 249-
250
and Iner difference in oxygen con
sumption of 123
oxygen usage ot
and metabolism of heart during
dustole, 238
and prolonged asystole 260
Myxederna, adaptation of splanchnic
system to 136
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Leukemia
adaptation of splanchnic system to,
136
chronic myelogenous and splanchnic
area, 137

Liebow’s technic, for tnjection, 141

Limb
peripheral, tremor 1n and oscillatory
arc, 19
sympathectomized, constrictor effect
of epmnephrine 1n, 25-26
tissue pressures, in plethysmographic
method, 35

Liver
cat, circulatory setup of, 142
cirrhotic
and oxidation of amino acid, 132
schema of hepatic circulation 1n,
154
enlarged, in chronic leukemia, 137
function, prothrombin synthesis as
measure of, 153
1n hemorrhagic shock, 147-149
oxygen tenston measured polari-
graphically, 149
hypoxia of, plasma uric acid as index
of, 152-153
and myocardium, difference in oxy-
gen consumption of, 125
outlet valve mechanism, 145
oxidation destruction of uric acid by,
in shock, 152
and portal vemn bed as blood reser-
voirs, 119, 145
removal of, and arculation collapse,
147
right lobe of, roentgenogram of
catheter wedged 1n small vein
of, 139
in splanchnic flow and oxygen con-
sumption comparison, 121
storage of blood by, 82
work of, 1n hyperthyrotdism, 130

Lung
blood flow through
cach separately, simultancous
measurcment of, 196-197
relation to pulmonary artery pres-
sure, 182-184

Shock and Cruculatory Homeostasis

Lung—Contd

schema for measurement of cach,

201

bronchial circulation 1n, and pulmo-
nary circulation, 185

bypass, by returning fetal and pla-
cental venous blood, 186

capillaries, oxygen uptake by, 172

carbon dioxide tenston n and
pulmonary arterial pressure,
191

denervation of, 1n man, and pressure,
202

dissection, 1n pig, 180

drainage of blood, i unwedged
system, 178

dry and bloodless, in hemorrhagic
hypotension, 214, 226

oxygen furnished by, time measure-
ments for, 104-105

oxygen supply to, by pulmonary
artery, 186-187

response to breathing muxture of
oxygen-nitrogen, 197, 200

shift of blood to, by anoxia, 191

vasoconstriction 1n during shock, 214

ventilation /perfuston ratios and dis-
tribution of inspired atr, 227-
228

Lymph
hepatlc, protein concentration 1n,
142
movement of flow, mesentric lym-
phatics aird of, 112-119
valve, as active organelles, 117

Lymphatics
capacity changes 1n response of blood
and blood cell reservoirs to,
119-120
of rat mesentery, 112-119

M

Mcsentery
precapillaries 1n, closure of, and sclf-
rcgulation of blood pressurc,
70-71
rat, lymphatics of, 112-119
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Afetabolism

and arterenol breathing after 1njec
tion of 11

and epinephaine 10 11

of heart, duning diastole 258 264

ntes in hyperthy roidism, increase 1n
total and s%:hnchmc 130

stimulating action on lactic aad and
change 1n pH after 12

Methodology 1n measurement of action
of epincphrine 32 79

Minute ventlation volume during
hemorthagic hypotension
breathing room air 209
spirng pure oxygen, 213

Mitnal valve, stenosis of
artetiobes and small caliber vessels
n, 188
and msufficiency contours of wedge
and left atrial pressures 1n, 175
176, 181

Monse
external oblique muscle of architec
tural pattern of 71
mitabnlity “and convulnion mn, with
insubin hypoglycemu, 21
pleen of concentration of blood
cells gtored 10 sinusord 1n 88

Muscle
blood flow
smalanecus recordings with
Hensel needle and plethysmo-
hic methods 38 40 44
Witer temperature in plethys-
mographic method 35
bandles dmnensions of 70
changes 10 volume of tissue spaces
1, 119
m““;‘:‘“ﬂv and blood volume 1n
fearm duning pleths 1
Phic method, 34 LD

ey of ener rod
260-261 &7 production 1,

Bastrocnemy

b{(;’:‘ﬂw te3ponse to exercise 1n,

281
Muscle—Comd
clearance constant 1n different
arts of 6O
heat flow relationslup in, 81 82 84
83

in hyperthyrotdism 130

nert gas uptahe by and molerular
weight, 59

solated and perfused dog total
blood flow and local sodium
¢learance 1n, 62

oxygen uptake by 261

pressure volume relation 247 248

radicactive solutions 1ato time con
stants for clearance 59

and reaction to drugs, 188

resting  lymphatic flow and sodum
clearance constant, 61
sheletal

clearance from and pressure
volume relation, 69 70
of forearm, and epinephrine 36
oxygen usage n versus heart
261 262
resting and active states oxygen
uirements for 72
and ventricular fibridlation 233
25%
and skin
flud formation 1, 51
versus heart and brain arterioven
ous oxygen difference, 129
striated factors Lumuting sodium
movement rate out of $7
of thigh and forearm, plethysmo-
gnpll‘fo‘r measuniag arcula
tion changes 1n, 36
Myocardium
action of duning systole 258
and control of coronary flow 249
250
and liver difference in oxygen con
sumption of 123
[ usage of
angzummbolum of beart dunng
diastole, 258
and proloaged asystole, 260
Myxedema, adaptation of splanchaic
system to 136



282 Shock and Crculatory Homeostasis

N

Necrosis, central lobular, and anoxic
Irver 1n shock, 151

Nerve

afferent, cutting of, for relief n
Parkinsonism, 18-19

control of pulmonary circulation by,
187-190

vasomotor tone, change in, and over-
shoot after epinephrine 1n-
fusion, 24-26

Nervous system, action of epinephrine
on, and anxiety, 9, 12-15

Nitrogen and oxygen mixture, for
demonstrating saturation of
pulmonary venous blood, 197,
200

Nutrition, of human subjects studied
at sea level and at high altitude,
238

O

Occlusion
arterial
n forearm, 48
in pressure plethysmography, 50
in sodrum clearance technic, 61-62
coronary
and pyruvate, 264
in ventricular systole, 250

Orifice meter, coronary inflow meas-
ured with, 250

Orthostasts, adaptation of hepatic sys-
tem to, 136

Overshoot

absence of
in blood vcssels following sympa-

thectomy, 29
after cpmephrmc infusion, 23

theory of, and ihibitory action of
epmephrmc, 30

Oximeter, 1n polarigraphic mcthod,
106

Oxygen

arteriovenous difference See Arterio-
venous oxygen difference
blood studies, 214-229
concentration of
and current that flows, straight
Iine relationship between, 94-95
in hemorrhagic shock, 220
consumption of
in hyperthyroidism, 128-130
low, and artertovenous oxygen
difference, 125
in myocardial slices, m vitio, 261
response to intravenous amino
acid mixture, 131-134
during resting phase, 259
in splanchnic flow-metabolism re-
lation, 121-162
total body, method of quantita-
tion, 233
and treadmill exercise, 234, 237-
238
during ventricular asystole and
fibrillation, 259
debt, 262-263
delivery of to skin tissue over ex-
tremes of vasodilation and vaso-
constriction, 104-105
gradient, alveolo-arterial, 222-223,
228
inhalation and tension of shin of toe
of normal female, 102
inspiration of pure, measurements
during hypotensive period, 213
per cent saturation of arterial blood
fatalities 1n dogs, 216
survivors of 100 minutes of
hemorrhagic hypotension, 215
pulmonary vcnous content brcathing
room air versus 25 pcr cent
oxygen, 201-202
rate of diffusion of, in solution
versus n tissuc, 97
saturation
coronary sinus blood mcthod for
sampling, 259-260
in polarigraphic mcthod, 106
in pulmonary ¢cmphyscma, 198
supply to brain or tissucs, and
tremor, 16 17
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Oxygen—Contd

uptahe
bi wrometry for determina
tion of 183 186
hme required to return to normal
duning acute hypoxia 193 196
volume of dissolved, 10 arterial
blood, 223-224
tension
e
wnd diffusion gradients, 228 229
in hemorrhagic hypotension, 217

219
and pulmonary vascular bed, 190-
191

spparatus for determination of with
three electrodes 1n skin of fore
arm, 98
arterial
and minutes of hemorthagic hypo-
tension, 100 217 219
and pulmonary artery pressure
202
calibration of in skin of toe, 103
149
and current relatioaship 100
clectronic apparatus for polarigrs
phic determipation and record
ing of 99
m liver muscle aod skin dunng
hemorthagic shock, measured
polangraphically 149
1 mixed venous blood and pulmo-
nary artery pressure 196
relation to oxygen saturation s vrvo
dissoation curve, 104 106
of shin
readings with short tipped elec
trode, 70
of toe and blood flow varations,
103
of solutions corrective factor for
different temperstures 101
surfue temperature, relation 1n ex
tremity 107
mn tissue 93-108
winng didgam in arcwt, 1n polan
graphic method 96
Oxphemoglobin, dusocation curve,
104 106
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P

Palptation, and latent feeling of terror

after epnephrine versus
ephedrine, 16
Paradox

of effect of epinephrine 62-63
equations for analysis of 64-66

Parhinson s discase, tremor of
aggravation of and anxiety by
arterenol  epinephnine, 13 14
and pressure volume relationshsp 15

Pascal s Law 1n wedged system, 178

Peristalsis, and contracility of lymph
valves 112 115

Pitot tube meter coronary sinus flow
measured wath, 250-251

Placents, returning venous blood lung
bypass, 186

capillary ultrafiltration of 63

volume increase and increase in flow
with low arteriovenous oxygen
difference, 135 136

Plethysmograph
blood ﬁ%ctptcamon to eptaephrine
measured with
m finger 93
in hand, 21 22
i leg, 3233 4546
and Hensel needle
agreement of results with, 55
sumultaneous calf bloed flow
recordings with, 38 40
prmurc
apparatus for 49
compression procedure 47 31
steps of procedure 5455
water filled purpose of 35 36

Plethysmography 32 56
definition of purpose of 36
method prinaple of as applied to
calf of leg 33
schematic diagram, 33
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Plethysmography—Contd

and sodium clearance, thermo-

electric needle methods, dis-
crepancies between, 62-63
equation for analysis of, 64-66

Pneumonectomy, relation between
blood flow and pressure 1n,
182-185

Poiseuslle’s law
apphcatlon of, n postarterlolar
circulation, 63
equation for, 64
modification of, G5

Polarigraph, oxygen tension in liver,
muscle and skin measured by
in hemorrhagic shock, 149

Polycythemia, low oxygen removal
with normal oxygen consump-
tion, 137

Pregnancy, adaptation of splanchnic
system to, 136

Pressure
aortic 1in open-chest dog, 250
artertolar, 155
atrial and end-diastolic levels of,
and ventricular functions,
243-248
brachial artery, after carbon di-
oxide breathing, 192
cannulizating artery and/or portal
vein, for measurement of,
156-157
capillary and small vein, after epi-
nephrine, 56-57
constant hydrostatic, and normal
arterial, 67
correlation with work, 246-247
end-diastolic
and asystolc, 256
method for determination, 243-
244
responsc to exercise, 245
in hepatic van, cathcter wedged
in, for cstimation of, 138-139,

141
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Pressure—Contd

left atrial,
in mutral msufficiency and sten-
osts, 175-176, 181
versus wedge pressure, 172-173
occluded hepatic venous, tn oper-
ations for portal hyperten-
sion, 159-160
osmotic and intracapillary, in plasma
filtration through capillaries of
congested forearm, 63-66

perfusion
1n ventricular fibrillation, 252,
256
versus aortic systolic, 250
plethysmograph, apparatus dia-
gram for, 49
portal
1n hemorrhagic hypotensive shock,
153
venous, versus sinusoidal, 142-
143

pulmonary artery
1n acute hypoxta, 197
and anoxia, 191
and carbon dioxide breathing,
192
mean, 179, 198
pulmonary capillary, 179
rest, 1n fistula dogs, 240, 242
nght ventricular, in phasic flow
curve, 250
sinusoid, 144
gradients, 155-156
venous, and capillary-to-vein cir-
culation, 65, 67
wedge
in cirrhosts of liver, 155
after epinephrine, 144
in  extrahepatic portal hyper-
tension, 159
in portal hypcrtension, 146
in pulmonary circulation, 178
in pulmonary hypertcnsion, 179

Pressurc-flow relation
in ventricular fibrillation and asy-
stolc, 257

Pressurce volume  rclation
in anxicty and arterenol, 15



Inden

Pressure Volume—Contd

with infusion directly mto bra
chial artery 23 24

n  intravenous eptnephrine 10
fusion, 1n forearm, 63 67 68

i muscle and exercise fistulas
and 19 sis 247 248

i Parkinsonian tremor aggra
vated by epinephrine 1214

in radioactive substance clearance
from sheletal musdes 6970

Prucoline, and hemorrhagic hypo-
tension 209

Prothrombin, synthesis of as mes
sure of Iner function 153

Pulmonary artery
blood H'ow during acute hypoxua
197
cyclic varations of flow through
170-172
pressure in
and snoxi, 191
after breathing carbon dioxide
192
during hypoxia 197
pressure mean 179
in pulmonary emphysems, 198
m pu‘lfmomry arcolation  schema
of 178

Pulsation, force of penpheral 90 91

Pyrogen, increase 1 hypatic blood
flow and 10 oxygen consump-
tion following 136

Pyrusate in coronary vein blood and
coronary occlusion 264

Pyruvic acid, 1n bloed durning shock,
152

R

Radio-sodum
clearance
method, 32 44 51
rate dunng saline versus intra
venous cpinephnne 46

285

Rat
external oblique muscle of arch
ttectural pattern of 71

mesenteric  lymphatic  dynamics
m 112 119

pretreated  with  dibenzyline  and
hemorrhage 147

skeletal muscle beds of arculation
n, 68

Red blood cells
storage and release of and changes
in  Iymphatics and  tissuc
spaces 119 120
total mass and temperature, 82

Regurgitation
and lymph flow 112
mutral recognition of 181

Resustance

of apacty vascular system, 64

changes 1n 10 pulmonary circula
tion 187 188

equation for definition of 64

to flow through vessels, and sme
of vessels, 147

intramural, 251 255

periphenal, during exerase 246~
247

postcapillary and epinephnne, 66

pmpﬁluy vascular  and oxygen
tension n  mixed venous
blood 196

pulmonary arteriolar during hemor
thagic shodk, 214

vascular maintenance of 190-191

Respiration
and epinephrine, 9 12
ﬂkl.hmt? of pH following 12
tremor following 12 15

Respiratory exchange ratio 1n lung
and 1n tissue in determina
tion of oxygen uptake by
lung capillanies 172

Respiratory frequency during hemor
rhagic hypotension
breathing room air 209
nspinng pure oxygen 213
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Rocntgenogram,  catheter  wedged
into hcpatic van for cstima-
tion of pressure, 138-139

Rushncrs tcchnic 216

Salinc solution, vcrsus ¢pmncphrine
infuston, blood flow during
transicnt and sustaincd vaso-
dilation aftcr, 37

Schcma
of hcpatic circulation
in currhosis with portal  hyper-
tcnsion, 151
i cxtrahepatic portal  hyper-
tension, 158
normal, 140
Y Crsus pcrcent
moncd from
blood, 135
of method for measurement of
separate  pulmonary blood
flow through each lung, 201
of plethysmographic mcthod, 33
of pulmonary circulation, 178

oxygen  rc-
splanchnic

Sensitivity
changes, after sympathectomy and
after epmephrine, 27
of lymphatics to vasoactive agents,
as bio-assay inder 119

Septumn, interatrial defect of, wedge
pressure and pulmonary artery
pressure 1n, 179-180

Shnering, and tremor, after cuttng
of dorsal roots 1n limb of
animal, 18-19

Shock
and blood 1olume
vascular tree, 84
circulatory, due to pooling of blood
in Inver and portal veins, 145

hemorrhagic
and disappearance
tions, 90

of muscle

of pulsa-

Shock and Circulatory Homeostasis

Shochk—Contd

pulmonary circulatron 1n, 208-
229
normosolcmic and oligemic ar-
tcrial oxygen  content  and
hematocrit, 221
produccd by histaminc and by

trauma, and saturation of
blood, 226

reststance of blood flow during,
146-148

sustaincd, total and splanchnic
0¥y gen consumption response
to, 126

traumatic

blood volumc and skin temper-
ature 1, 90

and disappearance of pulsa-
tions, 90

terminal Iymphatics 1n, contrac-
tions and vasomotion, 119

vaso-vagal syndrome type of 90-

91

Shunt
artcriovenous
in lung, 227-228
thermoelectric needle or plethys-
mography for measurement
of, 62
and discrepancy between sodium
clearance and  plethysmo-
graphic values, 58, 61
flow
versus capillary flow, 74
and washing of tissue, 73
and oxygen requirement, 72
portacaval, 146
right-to-left, electrode for detec-
tion of, 105

Sinus, coronary
arterrovenous oxygen difference
in, during ventricular asystole
and fibrillation, 259
outflow
in open-chest dog, 250-251
in ventricular fibrillation, 252

Sinusoid
outlet sphincters and Dejysach’s
sluice channels, 145



Indes

Senusord—Contd

ity of to water protein,
and electrolytes 142
pressure 10
gradients 153 156
and hepatic artery 144
m spleen and [iver storage of
lood and blood cells 1n 87
88

Sjostrind 1dea, fung as reservorr for
blood artifact 1n preparation
181

Skun
blood volume increase 1n women
as they go 1nto pregnancy 90
digital  temperature relation to
blood flow 1n adjacent finger
93
bydrostatic pressure w81
and muscle
flurd formation 1 51
versus heart and brain arterio-
venous oxygen differences

oxygen tension versus  arteral
saturation 1n, 104 106
n plcthyxmosnphlc method

in foot and hand 36
for total blood flow measure
ment 38

temperatute of
1n messuring oxygen tension ot
102
relsbon to blood flow 9293
surface, and toe tip 94
vasoconstriction 1o with  hyper
ventilation 23

Sleep and cematron of nvoluntary
mavements 18
Sodwum
clearance of
and  Hdtration
water 66
rate and  pressure volume re
lation 60
and resting blood flow 37
difusron and filtration coefficrents,
changes, and epinephnne 67

coefficient  of

287

Sodum—Contd

movement out of striated muscle
factors hmiting rate 57

pooling of and volume of in
jection 60

radioactive clearance method 44
47 5357

and plethysmography and ther

mocelectrre  needle  discrep
ancies between methods and
equation for snalysis, 62 66

rate of transfer across capillary
and to tissue 39

Spasm
duration of after epmephrine 27
and level of blood flow 29

Spmal cord in Parhinsonism, and
epinephrine, 18 19

Spleen
emptying of preceding shock, 81
enlarged 1n chronic leukemu, 137
as red cell reservotr 82 83
and capacity changes 1 lym
phatics and tissue spaces 119
120

Starhngs faw 63
cquation for 64

Stenosts
wortic, and oxrdation of amino acid,
132 133
mitral
arterioles and small vessels 1n
188
and msutficency 175 176, 181

Stethograph nfusions with and re
cording of respiratory
changes 10 11

Stress

climatic and peripheral vasocon
striction 89

durning blood in fistula dogs 240

response to by pulmonary and
systemic arculations 167 168

Stroke vofume
mechanism of control of 243.248
response to exerase 245
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Stroke Volumc—Contd

in pulmonary and systemic circu-
lations, 166-167

Stroke volume inden
during blood transfusion 1n fistula
dogs, 240
and treadmull «\creise, 234-235

Stroke work
mechanism of control
248
response to exercise, in dog, 245
relation to atrial pressure, Sarnoff's
ventricular function curve for,
246-247

of, 243-

Stroke work index
during blood infusion 1n fistula
dogs, 240-242
and treadmtll exercise at sea level
and at high altitude, 234-235

Swelling
in forearm
calculation of amount of, 51
time factor, 51, 67

Sympathetic nervous system
circulation of, and epmephrine, 17
and nse 1n pulmonary arterial

pressure, 204
and vasomotor center after-dila-
tion mediated by, 26

Sympathectomy

absence of overshoot 1n
epnephrine infusion, 24

and anoxta, 204

post-, and increase in flow with
low artertovenous oxygen dif-
ference, 136

vasoconstrictor actton of ept-
nephrine, on vessels of left

hand after, 28

after

Synapse, spinal, in epinephrine effect
on tremor, 17

Systole, ventricular, and coronary
flow, 248-258

Shock and Criculatory Homeostasis

T
Tcmpcerature
of air, and oxygen tcnston, 102-
107

blood volume response to, 91-92
changes in cnvironmental, 85
cutancous, and oxygen tenston, 107
homcostasis of, after cpinephrine,

25
influence of, on gaseous diffusion,
101
junction difference
determination  with  Hensel
ncedle, and rapidity of
blood flow, 38-40
time ordinate for, 41-43
and peripheral circulation, 81-92
response to, and diuresis, 89
room, relation of digital skin tem-
perature and of blood flow to,
93
skin surface, plethysmograph n
measurement of, 94
sympathectomized  limb,
tissue blood flow responses,
35-36
for water, in plethysmographic
method, 34

Terror, latent feeling of, after infusion
of epinephrine versus ephed-
rie, 16

and

Theory of Emotion, 16

Thermocouple needle, for measure-
ment of digital skin tempera-
ture, 93

Thermoelectric needle method See
Hensel thermoelectric needle
method

Thermostromuhr, logarithmic rela-
tion between blood flow and
temperature rise, 43

Thigh
circulation 1n, plethfysmograph 1n
measurement of, 36
cuff, in plethysmography method,
32, 33



Inder

Thyrotoxicosis patterns of response
to amino aad 135

Tidal volume
during hemorrhagic hypotension
i dogs 211
breathing room air 209
mspiring pure oxygen 213

Tissue

arculatory effectiveness i 38

diffusion 1n and discrepancy be
tween clearance and ;rcthy
smographic values 5859

oxygen tension of polanigraphic

method, 106

rate of fluid formation measured
with  pressure  plethysmo-
graph 47 51

sodum space clearance constant
relation to blood flow 57

space, apaaty changes o, re
sponse of blood 1nd blood
cell reservoirs to 119 120

of sympathectomized limb temper
ature and blood flow changes
m 3536

thermocouples 1n and use of half
flow for calibration 44

total flurd into 1n hot environ
ment 82

of vessel walls, 1n passage of heat
and sodwum, 74

T

o

with mhcrd artenial occlusive
o ¢ oxygen tension 1n,

1

skin of tip and surface tempera
tures 94
Transfusion blood loss of from
measurable arculating blood
valume, 87
Tremor
aggravation
1214 1
Parkinsonian aggravation of and
anxiety due to arterenol ept
nephrine 12 14
phenomena, anx:
nephrine n 15

of and epincphrine,
9

and  epi
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U

Uric acid plasma, as index of liver
hypoxta 152

v

Van Slyke technic, hemoglobin con
tents calibrated with 225

Vascular bed
cessation of blood flow through
rtron of 212 214
muscle and volume 1n shock 81
pulmonary and alveolar oxygen
tension 190 191

reconstruction of 68

restricted pressures and flows dur
g hypoxiz and exerase m
steady state 199

termunal blood pressure 1 71

Vascular system
capillary resistance of 64
pulmonary
duagram of 178
mn shock 214

Vasoective agents lymphatic senaitrvrty
to as bio-assay index, 119

Vasoconstriction
compensatory
during heat acclimatization 88
vasodilation after epinephrine
2526
cutancous crculation into 10 shod,
80
after epinephrine infusion 21 30
following exercaise 89
and intravenous or topical arterenol
or epinephnine, 118

i Iiver 1o hemorrhagic shock
and adrenergic  blocking
agents 147

oxygen tenston duning 104
of pulmonary arterioles during
hemorrhagic shock 214
of shin of hand, 23
and epinephnine 24 26
1n vascular beds in shock 214
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Vasoconstrictor
responsc Lo drugs, by traumatic
shock  patients under  1n-
fluence of alcohol, 90
sympathetic  tone, inhibition of
and epincphring, 30

Vasodilation

blood pressure at time of, after in-
travenous infusion of ep-
nephrine, 24

compensatory, and homecostasis of
tempcrature control, 25-26

in forearm, after intravenous in-
fusion of epinephrine, 36-37

in hand, after epmephrine 1n-
fusion 21-22, 23-31

after portal vern shuntmg oper-
ation, 161

in simultancous recordings with
plethysmograph and thermo-
clectric needle, 38,40

transient and sustained, during
uninfluenced rate of clear-
ance of radio-sodium, 46

Vasodilator, local 1njection, and
sodium clearance technic, 62

Vein
in arm, during acclimatization to
heat, 81
and artery communication on surface
of muscle bundle, 72
in body walls of pregnant women,
diameters of, 90
congestion
filtration rates for epinephrine
during period of, 63
in forearm, rate of tissue fluid
formation 1n, and after eps-
nephrine, 51-56
occluded hepatic, pressure 1n,
versus portal vein pressure 1n
cats, 142-143
portal
eptnephrine injected 1nto, pres-
sure rise following, 142-143
and/or hepatic artery cannuliza-
tion for pressure measure-

ments, 156-157

Shock and Cncularory Homeostasis

Vein—Contd

passtve distension of, 148
shunting operation, arterial n-
flow aftcr, 161-162
storage and release of blood by,
82
See also Artcry

Ventilation
alveolar, pcr breath, 210
increase 1n, and flow, 193
volumcs, and hemorrhagic shock,
208-214

Ventricle
end-diastolic pressure, response 1n
dog to exercise, 245
function of, 243-248
functional anatomy of, 166
left
oxygen consumption of, 259
response of, to stress, 241
left, end-diastolic pressure
during asystolic period, 256
during blood transfusion 1n
fistula dog, 240
method for, 239
response to exercise and anoxia,
232-238
right, pressure 1n open-chest dog,
250
systole, and coronary flow, 248
258
vagal stimulation by asystole,
changes 1n coronary inflow
and stnus outflow, 256-257

Vessel, structure, 1n pulmonary and
systemic circulations, 168

V wave, amplitude-mean wedge pres-
sure relation, 181

\"4

Water
in  constant-temperature plethys-
mograph, 35
displacement, 1n volume of calf
determination by plethysmo-
graphic method, 33
pressure of, 34
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Wedge pressure Weight of limbs in shnering and/
m arthosis of lner with portal or tremor 19 20
hypertension 155 Work
mn extrabepatic portal hyperten cardiac and stroke tndex during
ston 159 blood infusion in fustula dogs
and portal venous pressure after 240 241 242
cpincphrine, 144 maximum, during massive blood

pulmonary artery 172 181 infusions 238 248



