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THE JOSIAH MACY, JR FOUNDATION
CONFERENCE PROGRAM

DURING THE PAST FIFTEEN YEARS the Josiah Macy Jr Foundation has
orgamized more than twenty conference groups each group meet
g for at least two diys annwally over a perod of five or more
years Each meeting 15 imited to twenty five participants (mem
bers and guests) selected to represent 1 multiiscipline approich
to some urgent problem in the field of medicine and health The
goal of this conference program 1s the promation of communication
the exchange of 1deas nd the shmulation of creatnity among the
participants  The publication of the Transactions of the meetmg
1s undertaken to share as far as possible the conference process
with a larger audience than could participate personally m the
discussions

These conferences provide an opportumty for informal give and
take among the participants To fuither this purpose the number
of presentations planned for each day 1s generally restricted to one
or tno The member or guest selected to give such a presentation
1s requested not to read a paper but rather to highlight m an
informal manner some of the more interesting aspects of his or
her research with the expectation that there will be frequent
mterruptions by participants m the form of questions cribiersm
or comment Such interruptions during the course of a presenta
tion are encouraged and form an essentitl part of the group
mterchinge

The conference program has alwiys been viewed by the Founda
tion as an expermment 1n communication 1n which there 1s room
for improvement and need for freq 1eapp 1 Suff
expertence has already been ganed to justify the conclusion that
this type of conference 15 an effective way of improving under
standing among scientists in medieine and llied disciplines of
broaderung perspectives of changing attitudes and of overcommg
prejudices  The further conclusion his been reached as the result
of this experiment thit the muor ohstructions to understinding
among scientists lie in the resistance of human attitudes to change
rather than in difficulties of techmcal comprehension Less exten
sive expenence with non screntists hts indicated that the effective
ness of ths type of conference 1s not hmited to groups of scientists

7



8 Cold Injury

but will function 1 any group meeting where more effective com
munication 1s the primary goal It 1s also clear that the same
conference techmque with mmmor changes 1s readily dapted to
small mternational conferences

The style of publication of the Transactions has aroused con
sidernble mterest and some enticism  The cnticism has been
directed primanly to editorial permussneness which has allowed
m the final test 1 some nstances too many questions remarks
or comments which although perhaps uscful during a heated dis
cussion seem out of context and nterrupt the sequence of thought
m the printed volume A few have objected to the prmciple of
publishing m this style and would prefer a depersonibized snm
mary without iterruptions

The Foundation Staff and the Scientific Editors of these s olumes
welcome cniticism and hope to profit thereby i mereasmg the
usefulness of the Transactions to scientists ind students of science
m thig country and abroad

Frak Farvuont Sunm MD
Medical Director
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b Cold Injury

Tmt will function n any group meeting where more effective com
nwmicabon 15 the pnmary goal It 1s also clear that the sume
conft cuce techmque, with minor changes, 1s readily adapted to
mall intcinstion ] conferences

The stvic o publication of the Transactions has aroused con
wadle vtrrest and some cnticssm  The entietsm has been
hrected v ovanly to editonal permissiseness which has allowed
m the indd 10t m some mstances, too many questions, remarks,
ot ¢nnme s wh ch although perhaps useful during a heated dis
coo cor ot of context and interrupt the sequence of thought
m the prio ! v)lume A few have objected to the principle of
publeslang 14 this style and would prefer a depersonalized sum
mary withent mterruptions

The Y ound sion Staff and the Scientific Cditors of these volumes
welcome critic sm and hope to profit thereby in meresing the
usefulness of the Transactions to scientists and students of science
m this countiv wnd abroad

rann Freviont Svamy, MD,
Vedical Director
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5 Cold Inqury

Tt v 1 function m any group meeting where more effectne coi
1 cihon 1s the primary goal It 1 also clew that the sar
fe 1cc techmque with mmor changes is redily ~dapted
It 1tonil conferences
It st le ot publication of the Transactions has aroused co

[REE A terest and some enticism The cntieism has be

Vot i nynh to editonal permussiveness which has allowt

6 1t € m some instances too many questions remarh
t shich although perhaps useful during a heated &
t f context and interrupt the sequence of thoug!
t 1y lume A few have objected to the prnciple (
1 this style wnd would prefer a depersonalized sun
t t 1terruptions
[ It u Staff and the Saentific Editors of these volume
t¢s 1 and hope to profit thereby m merewsmg th
t] t 1 Trinsactions to scientists and stadents of scient
! t 1d ibroad

Frank Frevovt Svame MD
ledical Directo






10 Cold Imury

and that they report to Army and Veterans Admimstration hos-
pitals for physieal exammation, photographs, and roentgenograms
Ninety-seven of the 100 patients volunteered to partieipate m the
study  Three did not reply although 1t was established that our
letters were recerved  Of the 97 who returned the completed ques
tionnaires and hustones, 89 actually reported to medical mstallations
for physical 10n, roentg and photographs We
were fortunate n bemg able to conduct personally the physical
exammations and various studies on fifty of these patients This
number was humited by the fact that many of the patients led 1
Hawan and Puerto Rico, or were stll in the Armed Torces on
VAIOUs overseas assigniments

TABLE 1

Symmary of Fellow-Up Study of Cold Injury Patients
4 Yeare After Injury

No patients m study o e~ 300
No patents located - —— - 100
No patients participating

{answenng matl questionntires) 87
No patents x raved — - B9
No physical examnations

{by the authors) 50

The study was carned out by the following procedures Our
group drew up a set of history forms and frostbite questionnures
that were sent to the patients to be completed and returned  One
question that has disturbed us greatly and to which we do not
have a final answer 1s, how valid 1s the mformation dernved from
these questionnaires? Interpretation of the data must be made "
hght of two facts (1) the frostiute q were plet
by patients with no supervision or mstructions other than that n
the cover letter, and (2) approumately one-thurd of the patients
are drawing disability compensation from the Veterans Admustra
tion which they are very anvious to protect and not gie answers
that may jeopardize it




Cold Inury Cases from the horcan War u

We have used three methods m trying to sncrease the accuricy
of answers on the questionnaire (1) We have plhced in the ques
tionnawes many questions asking the same thmg but in different
phrascology as a cross check on the answers received  (2) VWhen
a questionnaire was returned wath answers which did not agree
with the seventy of imgury previous hustory or physieal examma
tion a second and sometimes third gueshionnarre was sent to these
individuals at intervals of several months The varteus guestion
naires were then cross d for y and 4 of
mformation supplied. (3) When we personilly exammned the fifty
study patients the guestionnawes werc cheched very carefully
aganst physieal examinations and medheal histories  These pro
cedures have greatly mereased the aecuracy of the data from the
questionnawes  but the symptoms are stll not conssstent with
orgame physicrl findimgs  The symptoms are much more severe
than ergamie lestons would rodicate

Table I goes some knowledge of the bachground and chir
actenstics of the study group The majonty or 85 were young
males from 17 to 25 yeirs of age They were about evenly dis
tributed between whites and Negroes with two Puerto Ricms one
Japanese American and one Hawanan s the grovp  They were all
enirsted personnel pnmarly n the three lower giades

As to the site of the frosthite lesion i these 100 cases Table IIT
shows that it occurred m one or both feet m a tordh of 87 pitients
The hind was frosthitten 1 11 patsents and m some cases both
hands and feet were myohied This s hout the sume ratio observed
in the 5600 patients evacuated from horea approuimitely 3 per
cent had hiwnd ivolvement only 10 per cent Ind hands inohed
with or without the feet and 97 per cent had mvohement of feet

As to the seventy of the leston 89 or over two thids of the
group had a third degree cold imury sccond degree 10 and fowth
degree

We have stll another clusificition the so-called )i defined con
dition of the feet * Ths 15 1 diyguosis for 1 foot condition that
oceurred frequently m hover but which could not be estiblished
¥ 2 true frostbite lestan  First the lesion was not Jocthzed as was
the typrcal frosthite Jeston wd secondly 1t occurred frequenth at
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TABLE I

Drstrsbunion of Patents as to Age,
Race, and Rk

Age Race Rank
Des o Ree o Crde | Ma
17t0 20 53 White ! 55 Put ! 35
211095 32 Negro JR $§ Pfe } 37
26t0 30 7 | Puerto 2 ot { 22
Reem
3lto B35 8 Japanese ( 1 Sgt | 5
Ameriean
56to 40 2 Hawaunan 1 §fe ( 1
l
TABLE 1M1
Site and Sererity of Cold Inpury Lesions
ste | Frosth te ! Degrlwd ;
of — —=  Condton Total
Lesan o 3 4 ‘ of the Feet (_‘
One foot 3 18 0 Q } 21
Both feet 4 7 15 2 6%
Hands [ 0 8 [ - Lo
Hands 3 4 1 - 8
nd feet '
Total 10 0 | 19 N (]

temperatures well 1hov e freezing It was cliwctenzed by ervthem
hyperludrosis wnd maceration ind 1t appered quite sular to muld
trench foot Dbut there was no numbness or hypesthestt

Incidence of (ll defined condttion of the feet was a hittle Jugher
m Rorer thin m our study group about 10 per cent or roughly
500 of the 5600 cases were diagnased 1 “tll defined condutron of
the feet  Only two of onr 100 studv prttents had such a dingnosis

Fremont Snuth  Dhd those who had genwune frostbite m one
arer of the cxtrenuty ever hue the equulent of “the ill defined



Cold Injury Cases from the Rorean Wai 13

condition 1 surrounding areas? In other words did you ever find
two or three other toes with what you called an “1ll defined condy
tion of the feet 1f you did not find 2 genume frostbite 1n one toe?

Blair Yes when there was a severe frostbite n say the large
toes occasonally i the adjacent toes there existed a condition
quite similar to our so cilled 1l defined conditon  However 1t
15 only when such 1 condition of erythema and maceration myolves
much of the foot without the presence of true frostbite that we
diagnose 1t as 1l defined condition of the feet

Personally 1 cannot s1y whether “ill defined condition of the
feet 15 or 15 not mild trench foot

Fremont Smith I saw quite a number of men from the Battle
of the Bulge at the Brooks General Hospital wnd some of them
showed just the condition thit you described 1t seemed to me
that this was also present tmn many that had actunlly lost toes or
lost tissue n the surrounding aren

Blarr Thave scen a number of color transparencies at the Armed
Torces Institute of Pathology showmg these lesions you speah of
and they were dingnosed onginally as muld trench foot In appear
ance they look quite similar to this 11l defined condition of the
{eet

Fremont Smuth The 1l defined condition  might be m one foot
and the other foot might have a loss of two or three toes

Blarr Possibly yes As a rule however it was bilateral m most
cases and quite diffuse without any severe frostbite lesion bemng
present

Talbott Was the temporwry meapacity m those with “the 1l
defined condition” sometimes more sevére than a localized first
degree or mybe even 1 localized second degrec frostbite?

Blair Yes From the standpomt of the impawment of function
a farrly severe 1ll defined condition of the feet” bilaterally was
more severe than localized first degree frostbite

Fremont Smith It was quite striling at the Brooks Gencral Hos
pital that those who had lost no tissue m many instances were far
more meapactated than those who had lost a toe  Of course the
question of return to duty seemed to play a role to some extent
1 these cases The one who had lost a toe knew he was not gomg
back to duty

‘There was one man with very marked cynosis of both feet but
no Joss of tissue n strnhing example of this 11l defined condition
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He had been mcapacitated and he was ashed how far he could
walk now (He had been recovering for several months and said
he could walk about a quarter of a mile without too much trouble )
The Acting Inspector General of the Army, General Snyder, sud
to him, “Well, I guess you are about ready to go over and jom
General MacArthur, aren’t you?

I happened to look down at this man’s feet just at that moment —
feet wiich were cyanotic, and all of a sudden those feet blanched
to a dead white T have never seen a more strling shutdown of
arculition 1 called General Snyder’s attention to 1t immediately
It was an example of Raynaud’s phenomenon right 1n front of our
eyes, and precipitated by this situation  Yet there was nothing m
the man’s face that showed any indication of what I attubute to
be the rage that he was feelimg at the 1dea that he, after he had
done Ius at, would now be sent back to duty, this rage was ex-
pressed only 1n the vasoconstriction of Ins feet

I have always had the feehng that there developed a hyper
reactivity of blood vessels and sweat glinds, as the result of genume
but mild cold mjury and this hy perreactivity was then kept going m
part by such reactions as this T should add that General Snyder
very quichly reassured him and his feet very quickly resumed thewr
previous ¢yanotic color

Shumacker 1s 1t not true, Colonel Blur, that your summary
excludes many cases of soldiers who thought they had sustaned
a cold mjury but in whom nothing was demonstrable once they had
heen placed m a warm environment? By and large they were
returned quickly to duty and they were not diagnosed as hung
sustuned a cold mjury

Blar That was true, Dr Shumacker, 1n Korea Fortunately, the
symptoms of most of those men, once they came nto a warm room,
disappeared, and as a result, very few of them appeared among the
5600 patients evacuated from Korea Therefore, 1t 15 almost 1mpos
sible to hazard a guess as to how many actual cold mjuries occurred
n Korea Most of us wonld prefer to speak 1 terms of the 3600
cases evacuated from Korea, without making any wild gness as to
those that had very mild first degree mjury and those that returned
to duty after coming into a warm room for a short period

We know from experience that there are probably more cases of
first degree cold mury than there are of second, third, and fourth
. degrees combmed But the statisties of those evacuated from



Cold Inury Cases from the Korean War 15

Korea, first degree 1s the smallest number only because they were
by far the smallest percentage evacuated

Horvath Is that because you insist that the diagnosis of frosthite
or cold mjury 15 a visible, actual destruction of tissues?

Blair No, I do not think so I believe the reason 1s sumply that
a person has to be severely injured before he 15 evacuated from a
theater, and the low percentage 15 merely a result of the sorting
out of patients for evacuation

Of course, there 1s always the question, when do you make the
diagnosis of cold mjury? That 1s quite a problem When there 1s
at least sccond degree tjury, 1t 15 easy to make the diagnosis but
when a patient comes m with a much less severe mjury 1t becomes
quite difficult to decide whether or not 1t 1s first degree frostbite

Talbott And a number of men had first degree mjury who were
quite sturdy souls They did not report i and went back to duty,
probably never getting on any list of statistics

Blatrr That s true, and in going through the histories 1t 1s evident
that 1n almost every case the man said he had been out a month or
longer with cold feet and blisters, and 1t was only after 1t oceurred
a second or third time, or after lus feet became so sore that he
could not walk, that he reported 1n to an aid station

Montgomery Colonel Blair, would you differentiate for us be
tween the “ill-defincd condition of the feet” and trench foot?

Blarr Let me talk a hittle about the nomenclature of “ill-defined
condition of the feet” Furst of all, mn the soldiers evacuated from
the Chosen Reservorr, frosthite was easily diagnosed, 1t was unques-
tionably cold mjury Later, men were evacuated with foot lesions
which were quite diffuse, erythematous some swelling, markedly
hyperhidrotic and macerated In the Korean theater those lesions
were not considered to be frosthite because of the nature of the
leston, 1ts distrnbution, and also because it occurred m above freez-
g temperatures The condition may have developed over a period
of days mstead of bemng an acute episode as 1s the case 1n most
frostbite

Montgomery But 1t was primanly because tissue was not Jost
that they were not defined as frosthite®

Blair  Or because there was no localized lesion but a quite dif
fuse one They appeared to be quite similar to the color trans-
parencies of very mild trench foot of which I previously spoke 1t
was hlished in the 1 that these nonfrosthite foot
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mjurses would be diagnosed as 11l defined condition of the feet

T could not say that they were or were not 2 mild degree of trench
foot  The conditions i horea were 1deal for producing trench foot
The men were pmned down in nice paddies and temperatures were
near or just above freezmg The lesions developed over a long
pertod of time and could very well hne been a mild trench foot

Montgomery Then the 1)l defined condiion includes hench
foot?

Blawr It would mclude any trench foot that accurred m Rorer
because there wns no dingnosis made per se of trench foot m horea
Such foot lesions as described were diagnosed ns etther frostbite
or 1ll defined condition of the feet We certunly did not see am
trench foot lesions as occurred n the Battle of the Bulge the
Aleutuans or Italv

Shumacker 1 would certamly agree I did not see anything in
Korea or Japan that resembled the trench foot of World War 1T
s far as its ongm nd climeal mamfestations were concerned
Isntittrue also that some mdividuals who did not necessarly have
cold feet but had worn shoepacks for 2 long penod of tme also
developed 2 condition quite like the one to which you are now
referrmg?

Blawr Tt 15 quite true that some mdiiduals developed water
logged and macerated feet because they wore shoepachs for days
at 1 e without changmg their socks A supenmposed erichng
of the skin and secondnry infection were often seen

Crsmon The lesions turned up fter the mtroduction of the
double msulated boot « boot where there was no bretch of con
tinwty of the isulation

Shumacker 1 think that 15 nght You will recall that one of the
Nl officers assigned to the Cold Injury Stady Team traveled
around a greit deal up at the front and took 1 roundnbout wav of
getting back to lus post He deyeloped this condition nd he stated
that s feet really were not cold at all It was 2 question of hnmg
had on these msulated boots with wet feet for 2 long penod

Horvath But vou can get the same thing without the shoep 1chs
on having the feet exposed to the cold T thmk Ciptam Behnke
and I had that expenence

Hedblom Doesnt this 1ll defined condition of the feet predis
pose to further injury 1 2 lesser degree of cold and over 1 fesser
pertod of time?
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Shumacher 1 think so

Blair 1 also think so T am umble to give any spearfic mstances
of that occurning but I olten wonder if such a condition as this
nught not predispose an mdividual to a more severe cold myury

Hedblom The rewson I am sery concerned 1s becuse this boot
15 one of the tems 1ssued to 11l hands on the coming Antarchic
Expediton with the assurance that these will keep feet in tiptop
shape I do not believe it

Blar You are nght Captan Hedblom because the insulated
boot 15 not the cure 1l or the answer to all foot problems n the
Army the Navy the Marnnes or any branch of the service The
diseipline and trammg 1 the use of the msolated boot are prob
ably more 1mportant than in 2any other type of footwear we huve
ever had One must muntan a ngid disciphue of foot care of foot
drying of ch of socks and cleanhness more so than i any
footwear we have ever developed True the msulted boot does
gve much better protection Agamst low amhient temperatures
but st 1s not the cure all for all foot troubles m the Armed Forces
When properly used the insulated boot can be 1 major advance m
protection agamnst cold anjury

Horvath 1t ceriunly 1s true that with proper foot care less ade
quate mnsulation kept people from getting frostbitten  We had
plenty of expenence with that dunng the last war

Simeone Colonel Blar did you say that most of these horean
casunltties had been evposed to actual freezing weather®

Blasr Table IV will wnswer that question It shows the exposure
conditions under which these individuals suffered ther cold injuny
The ambtent temperatures on the left show that the vast majority
of them experienced therr cold mjury n the range of 1* to 20°F
At the very low temperatuies the numbers may be deceiving  They
do not indreate that a person 1s less hikely to get inyred at the lower
wmbient temperatures but merely the fact that we had only 2 days
dunng which the temperatuse dropped below —20°F whereas
hugher temperiture drys were extremely numerous If the cold
mury were expressed as a eases per dvy rite it might be clearer

As to exposure time this bears out Dr Shumnchers statement of
a moment go that he did not see anything i the etiology of cold
myun that resembled what he observed i Europe m World War
11 the vast majonity of cases occurred after an evposure perod 1
the cold of from 7 to 12 hours which 15 2 much shorter exposure
time than that of the st majonty of trench foot cases of World




18 Cold Injury

TABLE IV

Cold Injury in Relation to Ambicent Temperature (°F)
and Hours of Exposure

Temperature Exposure Time

Temp (°F)_ o Cases | Hours No Cases
Above 20 11 Ote 6 l 18
1t020 65 Ttol2 62
~20to 0 14 13t018 2
Below —20 10 Above 18 10

War II Those cases with exposure periods above that, the 13 to
18-hour and above 18-hour groups, were usually quite severely
frostbitten, but mterestingly enough, most of the ‘ill-defined con-
ditrons of the feet” were tm men that were esposed for a Jong pertod
of time at temperatures above 20°F They would, therefore, fall
mto the long exposed group Does that answer your question®

Stmeone  Yes, I wonder, too, if that is representative of the
Korean expenience or sumply representative of these 100 cases that
you studied

Blaw This 15 quite representative of the horean situation be-
cause this group of 100 cases, with a few munor exceptions, wese
selected to represent the general Korean cold wnury picture About
two thirds of the cold mjuries m Rorea occurred m the 1° to 20°F
range, and about 60 per cent of the cases gave a lustory of from
7 to 12 hours exposure 1 the cold However, some recened therr
cold mjunes 1n a much shorter period of time, Colonel Orr’s report
shows that some suffered injury 1 as short a period as 2 hours and
others were evposed as long as 72 hours, these bemg the extremes

Suncone That 1s an important distinetfon betneen the Korean
group and the World War II group because m the Itter T would
say that certamly a very large proportion of them were exposed for
2 or 3 days, on the average, and m abore-freezing weather, as a ule

Talbott That means that part of the defimtion, then, of trench
foot 15 the environment of the foot 1n which there 1s damage

Simeone Yes, it 13 a slower process

Talbott The segregation of the cases m the Korean conflict was
based n part upon Colonel Orr’s arbitrary defintion, which centered
about his experience, to be sure but I think that vou are folloving
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degree frostbite, but to distinguwish early between thud and minunal
fourth degree frosthite 1s extremely difficult

Fuhrman Can you estabhsh mn what percentage of these cases
actual freezing did occur?

Blair That 15 a question that I can answer in a general way only,
meaning that 1eing of the tissues which I beheve you are referring
to occurred m a good number of cases However, by the time the
first medic had seen and exammned them, thawing had occurred
mn the vast majority Colonel Orr reported that only 2 per cent
of all cases were still in an 1ced coudition when first seen by medies

Fultrman But more had been 1 an iced condition

Blatr From the lustories that the patients give, a much larger
percentage than 2 per cent were definitely m an 1ced condition
But I daresay that no one could even hazard an accurate guess as
to the correct number

Montgomery Is that 2 per cent of the third and fourth degree
groups?

Blar That 1s 2 per cent of all cases of frostbite

Fuhrman Could you make an intelligent guess as to the rough
average time that the ice was present mn the tissues?

Blarr 1 could not even make an mtelhigent guess at that, Dr
Fuhrman

Shumacher Colonel Blarr from my very buef visit there, Ty ould
certamnly agree with you I do not thmk 1t 1s possible to give the
answer From talking to and examunmg men who were e wcuated
to Taegu or Osaka or were seen shortly after myury near the front
1 was certamly mmpressed with the fact that only m a small per
centage was there any evidence with suggested 1cing of tissues
My guess would be that this occurred i more than two but still
m a relabively small percentage of cases

Blair T agree with you on that, Dr Shumacker, 1t ocenrred m
the mmonty of cases It was higher than the 2 per cent we show
here but my guess would be that it was certamly less than 20
per cent

Fulrman But you are still using the term “frostinte for these
acute mjunes?

Blair Yes e are using the term ‘frostbite’ possibly mcor-
rectly 1f you define “frosthite” as a lesson produced only by 1cing
of tissues Rather we are using *frostbite” m contrast to what Dr
Simeone and Dr Shumacher described as the immersion foot syn-
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drome Qur frosthite” lesion oceurs at sub-freezing temperatures
and over a velatively bref period of exposure

Suect Colonel Blar, while you are defining things, what 1s a
shaepack?

Blatr Durmng Werld War I we had a footgear which was half
rubber and half Jeather, meaning that the loner part of the foot-
wear was rubber and impervious to anv moisture or water, either
from the mside or out, that 1s 1t blocked perspiration from getting
ont and water fiom commg m  Ths lower portron was bound to
an upper part of leather wluch was laced about the foot

Tt was usually womn with a pair of felt insoles, a cushion sole soch
and wsnally ove shi soch  That was our commonly used cold wet
footwear and was 1ssued to troops m Eusope and the Alentians

The other footwear that Ir Shumacker and Dr Crismon spoke
of 15 an all rubber sealed msulation boot that was sssued for the
second winter 1 Korea The msulation that 15 normally provided
by socks and felt msoles 15 sealed in between two layess of rubber
on the theory that if the isulttion remams dry then it will retam
its full msnlating property  This footwear 1s normally wormn with
only one pair of cushion sole socks It 15 certamnly a better pmtec;
tive device agamst Jow ambient 0 than the T
but 1t requres considerable care in its nse becanse all the perspira
tion from the feet 15 collected within the footwear Esen though
the foot may stay warm, a water-soahed foot with consderable
miceration and denudation can result

Schatzkt Is that completely insulated on top?

Blarr 1t 1 wsulated all the wav up to the top 1t 1s open par
tually at the top where the laces e and some mossture ewr come
out threngh the top of the boot

Burfon Perhaps 1 should mike one minor pomt Colonel Blaw
mentioned thit the shoepach had an all rubber bottom and leather
top It 1s mmportant to realize that the all lether top 1s quite 1m
permeable to water vapor In essence, it ss the same, physio-
logiealls 15 1f 1t were all rubber The leather s treated i such a
way that it does not let water vapor through m distinction to the
mubluk for mstance, which the Eshimos wear wiuch 15 guite
permealile to nater sapor

It 1 a mmor point but I thumk vou should not give the unpres-
sion that the shoepack has impermeability only on the bottom

Blasr Yes T am ghd you hrought that up because T did not
mtend to create that impression
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Simeone In heeping with Dr Burton s remarks the macerition
of the skin of the feet was a considerable problem with the shoe
pack as well 15 with the msulated boot when the temperature was
above freezmg

Blair There was one httle advantage with the shoepack in that
m addition to the cushion sole sock a pair of felt wmsoles and a
sht sock helped to soak up some of the water so that the mw
was not walling quite so much m lus own perspiration as i the
msulated boot

As to what has happened to these ndividunls 4 yeurs after ther
cold mjury mn Table V we have bsted aun the left the degrees of
mgury and then the number of patients 1 exch category Ve note
that n 11} degrees of injury there are some who recened disability
discharges But as you would expect the more severe the mjury
the greter the number of disybility discharges wnd percentage of
disabality allowed

TABLE }

Disabity and Employment Status of Pauents
4 Years After Cold Injury

Cold Trry ; oy Erplosed | aderpped
b from ) v | N a ] %o |3 ]
Second 10 ( 2 § 10 0 3
Third i 67 18 49 63 4 37
Fourth | 18 t 16 2|16 2 |
IDCF* 2 1 1 2 0 2
Total 97 37 60 91 6 56

¢ 1l defned cond ton of e fect

In fourth degree myury 1molmg 15 cases of feet and three cases
of hand myury all or 100 per cent recerved disabihity dischyrges
The two that are hsted as No did not get disibility discharges
because they are still on active duty mn the Army but they have
been rated for allowable disabihity by the Veterans Admmstration
at any time that they should lexve the service So actualhy all
fourth degree cases rate disabilits dischrges
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Ninety one of the 97 former patients are gamfully employed but
more than half of them complam that either i obtaming employ
ment or 1n carrying out their particular job they are handicapped by
their previous cold injury One thing that would lead us to be
somewhat suspicious of the questionnure method 1s the fact that
with second and thid degree mjury more than half claim that
they have difficulty m carrymg on with therr job

As to the actual complunts that these indiniduals made the
symptomatology will be shown by Table VI which shows the six
most common complamts or symptoms that we found among these
former soldiers 4 years post frostbite Ve hsted some eighteen
possible complaints on the frostbite questionnawre but T have histed
here only the six most common complunts These symptoms re
Iisted 1 the column to the left and represent complamts during
summer months and wmnter months of patients with varous de
grees of cold mjury The significant thing 1s that symptoms in all
cases except one are much more marhed during the cold or winter
months thin durng the summer months the one exception being
excessne swealing

Schatzht  What usunlly were the jomt symptoms? Were they
pamn®

Blair The joint symptoms may be either stiff jomnts or jomt pain
and we ashed on the questionnarre the two questions Jomt shff
ness? Jomt pain? The number given in Table VI 1s the total of
both joint pun and jomt stiffness Of the two I beleve jomt pun
complunts were 1 Tittle more numerous

Schat.ks Do you think that this might be very markedly colored
by compensation questions because 1s far s I remember when
we saw the soldiers thout 15 months after the cold wmpury not 2
single one of them compluned about joint pun

Blair Jomt pamn appears to hive mereased but I wonder 1f much
of 1t 1s not on 1 psychogeme rather than organic basis and
it may very well be tied into this disibility compensation factor
because most of these men understandablv are alwavs quite con
cemed over the possibiity of losing amv compensation they may
be getting Others who do not have disability compensation are
constantly wnting for mformation that thev muight use n trving to
obtain a disability rating

Talbott How many of the 50 cxammations did you conduet
yourself all of the 50°
Blarr All of the 50
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TABLE VI
Symptoms of Patients 4 Years After Cold Injury

Symptoms | 2d Degree Frostate | 3d Degree Froubite | 4th Degree Frostbte

Summer | Wnter

Summer

Cold feet [0 (0%) 8(80%)19 (28%)35 (83%)] 3 (209%)10 (67%
Pun 8(309%)| 7(70%) 29 (435 )}46 (69% )10 (67%):12(50%

Excessve | 8 (809%) 8 (80%)'53 (S15%)(83 (4952 111 (742, 8 (54%
sweating {
Numbness | 2 (20%) 7(70%);20(30%)49(74%) 7 (47910 (67%
2

(
Ahm])rm'\l { (2096 4 (405 )22 (3356 143 (659 ) 7 (419%) 7 (41%
color

Jomt
symptoms

1(10%), 4(40%)[1(26%)/26(39%)’ 5(337«){ 7{(4T% )
!

Talbott What were you mnpressed with 4 years later looking
at the feet?

Blair Table VII shows the physical findings 4 years post frosthite
on those cases that Dy Talbott ashed about Agam, I have hsted
the six most sigmificant or most common findings m these mdt
vduals  Tissue Joss, of course, does not occur m second degree
cases, by defimtion In third degree cases the tissue Joss 15 what
we call a tissuc defect Tt 1s not loss of a part but rather “pnnc]led
out areas that will be shown n later photographs A tissue defiort
results from sloughing of the eschar and suhsequent granulation
of the lesion  Of course, tissue loss occurs 1n all fourth degree
¢old 1njuries

Scars are abseat m “ll defined condition of the feet nd cw
rarely be seen in second degree lesions At least, they were not scen
m any second degree mjunies that I observed They ate usully
present in third degree, and of course alwayvs present 1n fourth
degree

Abnormal nails are piobably the most unexpected findmg that
1 observed m looking at these men If the degree of the cold
njury 1s severe enough to be of full skin thickness n more thwn
two thirds of the cases there are defimtely abnormal nls present
The nails are markedly thickened heavily ndged, and contractes
down 4t the front margm In fourth degree where we hsted four
eases as representing 100 per cent, 1t 1s because five pitients Tad
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TABLE VIl
Physical Findings in Pauenms 4 Years Afier Cold Injury

Phymeal \ Frostbute U 1l defined

hysical — _ — e - ——

Fi 2d 3d 4th Condition
S s | Degee | Degee | ofFect |

Tasweloss | 0 (0%)  23(66%) | 9.100%) | 0 (0%)

Scars 0 (0%) §32(91%) 9(100%) | 0 (0%)
Abnormalnails | 0 (0%) ’25(71%) 4(10056) | 0 (0%)
Hyperhudrosss | 3 (75%) | 12 (34%) |5 (56%) | 1(50%)

Abvormlcolor | 2(505) | 14 (40%%) | 7 (78%) | 1(50%)
Suff yoints i 1(25%) T(20%) | 6 (86%) | 0 (0%)

no nails to be exammed and all four that had nls stll present
showed a pathologac condition

The hy perlidrosis or excessnve sweating was obsersed 1 a rough
manner in which upon beginnimg exammation of these mens feet
the feet were dned with a towel before any studies were made and
then after visual obsersations were completed and a penod of 10
minutes had clapsed, the feet were examined for the degrec of
sweatmg present

Tn the normal wdideal the foot will feel shghtly moist and
wirm after 10 minutes exposure to room temperature In sndi-
viduals who have had sympathectomies the foot 15 usually gunte
dev and very warm  In most of these cold mjury cases, the foot
was actually dripping perspiration 10 minutes after having heen
dried It was purely 1 quilitatine evaluation of sweating by ob-
sen hon wnd palpation

This brings up a pomt, 15 1t a cause or 15 1t an effect? We cumot
answer that The person who 1s Inperindrotic 15 a vers kel
candidate for cold imjury and the hyperhidrosis may have heen
present before cold ijury and may hase been a myor factor n
cansing the muory

Sieet Would you trv to cvaluite that by determining whether
or not there was any such response in the hinds of the mdimaduoals?
Presumably hyperludrosts 1 the hands might have been a pre-
mjury phenomenon

Blair That 15 a very mtereshing suggestion Dr Sweet T onl
wish v0u had suggested it to me before T had seen the ffts men
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a vasospastic syndrome that remams persistent over many Sears
Among those who have also had ulceration of the skin, a pteent
m whom the hyperhidrosss 15 sharply hmuted to the area around
the uleer will occasionally be found The foot m such a pattent
will be dry, but the region around the ulcer itself will be bathed
m sweat  On the other hand, there are other patients with simr
ukeers m whom the hyperhidrosis myvohes the entire foot 15 nell
as the skin about the ulcerated arex

Horath There 1s no question but that there 1s a marked df
ference i the sweating produced w different parts of the foot and
T think the question Dr Burton ashed 1s really apropos Is ths
greater near the area of the mynry compwed with whit 1t would
have been before?

Shumacker 1 would certamly agiee

Burton 1 would like to make one pomt while we are on hyper
hydrosis, and disenssing the “psychic” causes  These are not con-
fined to anviety In our field survey on boots we found by ques
tiomng 500 men and repeatedly ashing them over a penod of 6
weehs whether their fect sweated a Jot, a httle, or not at all that
the correlation of the reparts of sweatimess of their feet had nothmg
to do with the thermal environment, or whether they were cold
orwarm It was however, very strongly correlated with any reporls
of discomfort In other words if an mdnidual 1s uncamfortable
for any re1son Ius feet sweat and I thunk we all have evpenenced
this If a shoe harts a bt both feet beqn to swcat The phe
nomenon 1t “psychuc” n the semse that it must he caused by
“anviety * since any discomfort factor will cause sweitmg [ ew
well beheve that these people who hive some excessne sweiting
will sweat a Tot more when thev ~re uncomfortable

Fremont South Pun will do it It ts a sympathetic reacton
st at?

Has the reactinity of the vessels i these mpured feet heen tested?
What would bappen to blood flow n one foot if the other foot was
put m cold water?

Blair Yes, to a himited degree we did carry out some mscnh;
obsersations We used some of the methods that Dr George Buech
employed on trench foot pattents durmg World War IT and on
which he reported mn the Johns Hophins Hospatal Bulletin (3)
We did a sentes of very sumple and rather crude studies, what
15 called 2 ‘refillmg time of skin vessels™ test, devised by Dr Burch
The hirge toe 1s held between three fingers, firmaly pressed for a
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reriod of several seconds, usuallv 3 seconds, emptied of all 1ts blood
sy pressure, and then suddenly released The time m seconds re-
quired for the blanched area to regam 1ts color fully s measured
vith a stopwatch Our data mdicate that there was some hind of
»ithologic condition of the circulatory system

Fremont-Sputh  Slowness of return®

Blair No, cold injured toes refill more rapidly It 15 explamed
srimanly by loss of tone mn the vessels of the mjured toe, and all
f Dr Burch’s studies on trench foot patients showed a more ramd
efilhng time than normals, particularly after a pertod m a cool
com

Fremont Smuth Ts that presumably a venous refiling, not from
he artenal side?

Blair Tt 1s probibly a combination of both, but it 15 deseribed
as an mjury producing loss of tone 1n the vessels so that they are
in_shall we say a state of nonresistance to blood flow Thus, they
refill more rapidly following emptying by pressure

Fremont Smuth  What 1s the position of the toe? Is it below
heart level® If 1t 15 above heart level yon would be sure 1t 1s not
venous

Blair Tt 1s roughly at heart level The man 1s Iying flat on an
Army cot or hospital bed Visual observations are carried out while
the patient stabilizes i a honizontal posihon The large toe 1s
firmly pressed between the two fingers and thumb for a period of
8 seconds then suddenlv released, and the retwn to color timed
with a stopwatch The usual figure for a normal subject 1 a cool
room 1s quoted as being between 10 and 12 seconds for full return
of color We found 1n our frosthite cases that the mimmum was
6 6 seconds and the maximum refilling time was 106 seconds The
average was 83 seconds and that 15 m about the same category
thit Dr Burch recorded for hus trench foot cases e stated that
the part 1s not norml if the refilling time 15 less than 8 0 seconds

A much better wav of studsving the reactnity of the vessels, Dr
Fremont Sruth 15 the one you suggested, 1e by immersing one
foot in cold water and seemng whether or not there 15 an observable
vasoconstriction in the other

We started out to do just that on these cold wjury cases with
1 portable sk temperature apparatus but ran mto almost 1mpos-
sible conditions One must have a constant temperature room no
mterruptions, and no psychogeme disturbances of the pitient from
apprehension, noise or people These conditions were so poorly
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controlled and our results so unsatisfactory that after carrying out
this test on a smaller number of patients we dropped 1t as bemg
impossible to do accurarely or to get mterpretable data

Fremont Smuh If the leg 1s shghtly rused so that the toe 1s
very distinetly above heart level, you would he able to differcn
tiate whether the fill 15 venous or not

Burton Dr Fremont Smuth I thinl we now know, from the
work that Dr P Gashell (4) has been domg, that the toe cinnot
fill except from the artenal side  The valves apparently are very
effective and one cannot get filling except from the arterioles

Fremont Smuth Even i a pathologie situation?

Burton 1 would not hnow about that

Fremont-Smith - That s anteresting and probably proves that
this 15 an arterzal reflling and there 1s a v 1soddatation or faldure
of vasoconstnction

Horvath Therefore, a vety good test must be Dr Burton's
critical clostng pressure that he has been workmg on for a number
of years If it 1s artenal reactnty, this entical closing pressure
should change

Fremont Snmuth What 1s entical closmg pressure?

Burton If small blood vessels are under tone, the muscle 1n their
wall 15 tending to make them smaller The physics of this mdicates
(and this works out experimentally) that if the pressure withm
them falls below a critical value they will close completely If the
pressure withm the lumen (or the translumen pressure 15 a better
word) at which they close 15 measured, then this 1s a good mesure
of the tone

Kark Among these 50 men were there no examples of Raynaud's
phenomenon?

Blarr We wall talk a httle about this nght now if you Itke, for
we are now down to abnormal color m our physteal findings which
is a good place to bring 1t m  This matter of abnormal color 15 3
rather difficult thing te evaluate particularly m the white patient.
because there are so many factors of dependency, psychogenic
effects, and visomotor responses In the Negro soldier 1t 15 pri-
marly a depigmentation phenomenon rather than one of abnormal
color If the cold mjury is as severe as third or fourth degree, then
almost without exceptron there 1s marhed depigmentation present
in the Negro
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controlled and our results so unsatisfictory that after carrying out
this test on a smaller number of patients we dropped 1t as beng
impossible to do accurately or to get interpretable data
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very distnctly above heart level, you would be able to differen
tizte whether the Rl 1s venous or not

Burton Dr Fremont Smuth I thmh we now know, from the
worh that Dr P Gashell (4) has been domg that the toe canuot
fill except from the arterial ssde The valves apparently are very
effectrne and one cannot get filling except from the artenoles
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Fremont-Sruth  That 15 mterestng wd probably proves that
this 15 an arteral sefilling and there 15 4 vasoddatation or fulure
of vasoconstriction

Horcath  Therefore, a very good test must be Dr Burton's
crttical closing pressure that he has been working on for a number
of years If 1t 1s artenal reactvity, this critreal closing pressure
should change

Tremont Smuth  What 1s entical closing pressure®

Burton If small blood vessels are under tone, the muscle in thetr
wall 15 tending to make them smaller The physies of this mdieates
(and this works out expermentally) that if the pressure withm
them falls below a cntical value they will close completely If the
pressure within the lumen (or the trinslumen pressure 1s o better
word) at which they close 1s measured, then this is a good measure
of the tone

Kark Among these 50 men were there no eximples of Raynauds
phenomenon?

Blarr We sill talk 1 hittle about this nght now if you Iike, for
we are now down to abnormnl color 1n our phystcal findings which
1s a good place to bring 3t n This matter of abnormil color is 8
rather difficult thing to evaluate parheularly an the white pruent,
bectuse there ave so many factors of dependency, psychogenic
effects and vasomotor responses In the Negro soldier 1t 15 pot
manily 2 depigmentation phenomenon rather than one of abrorm 1l
color If the cold njury 1s as severe as third or fourth degree, then
almost without exception there 15 marked depigmentation present
in the Negro
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The question anses what phyvsic b hud
bitten patients 4 years after injunn? Whe

seen when these patients are evuuy 1

In first and second degree cold mpny U
g 15 so complete that on physical examn
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“as thid degree mewmmg full shin th h
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obvius that the findings are quite dutu t
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loss the scarring and the deformity c s d b t
toes overlying the tissne defect ire aquite by It
foot which had o third degree 1y there s 1t !
these 15 marked depigmentation over the wyumed w0 A t

nadls are greatly thickened henaly ndzed puhidogc o pp 2
ance, and the nail beds hasve 1 dark or thnund ApPL 1 e

L adanies

Floone 1 d ta
B et of nesry patient 4 years after fourth dagree frostbite (depigment
1 413 Joformany. of ekt Toot shavin)
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number of mdniduils who developed the same picture of a
Raynaed Lhe disorder after frosthite or trench foot She s the anly
patient I recall who developed sclerodernn as well

Talbott Tt was locabized scleredermn?

Shumacker It was localized to the hands yes

Talbott It wasnt on the face wnd other parts of the bodv?

Shumacker No 1t was severe m the fingers md mummal over
the dorsal surfice of the hands

Afontgomery White and Scowille (5) published some work on
cases of excessne vasomatar tane long after the exposure to cold

Shumacker That 15 nght I am sure Dr Suneone must have
some information about this matter

Simeone QOur data on the follow up of World War 11 veterans
are not yet completed but 1 the sumple studied some 46 per cent
of the group had Rayntuds phenomenon until the time they were
discharged from mulitary service I do not know the figures for
the later follow up

Vontgomery eas that with or without Raynaud s phenomenon
m the hands?

Semcone Without mvohement of the hands

Montgomery That 15 enticil beciuse Rynwds phenomenon
15 much more common m the hands than n the feet

Blar In making my last pomt namely the stiff jomts I would
like to mention two or three things One 15 that the actun] finding
of stff jomts 15 well below the frequency of jomt shifncss com
pluned of by the patients (Table VII) One other thng that 15
woportant 1s that the presence of these stff jomts does not necei
sarily imply any pathology within the jout ttself because it fourth
degree cases we very heavily scarred with 2 large wmount of sear
tissue orerlymng the jomts which s atself my restuct joint move
ment We did not report 1 positive finding of stff jomts unless we
could demonstrate at least 50 per cent loss m mobility of the jomt
But this does not always indicate true jomt changes

There 15 another factor that should be mentioned as relatwg to
all the physict} findings 1n Table VIU The fourth degree ﬁndxnlz;
as well as symptoms e quahfied by the fact that of the nine fau’ﬂ;
degree pattents three had had lumbar sympthectomies for rehe
of eusting symptoms prior to owr examnation
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34 Cold Injury

In a patient who 1s as severely injured as ths, 1t becomes obvious
that he has had quite severe cold mjury, but the more difficult
ones are those with very mild third degree frostbite where 1t 15
necessary to know what to looh for in order to confirm defimtely
a Iustory of previous cold mjury The patient whose feet are shown
m Figure 2 had a muld third degree frostbite of the left foot and
no mjury at all of the nght foot The njury consisted of a dime
sized bleb or blister and full shin thickness on the medial aspect of
the large toe If the left large toe 15 compared with the nght Jarge
toe, a Little area of scar tissue about the size of a dime can be seen
at the tip of the toe

But more strihing are the two large toenails themselves The
nail of the left large toc 15 greatly thickened as compared with the
nght one The nail 1s constricted quite markedly at the front and
1s heavily nidged as compared with the nght one” The left nail bed
gives a totally’different appearance from the nght nail bed, bemng
abnormally dark 1n color

The soles of the feet 1n Figure 2 show that the large toe of the
left foot has a rather marked tissue defect on 1ts medial tip as com
pared with the night large toe

attent 4 years after thud degrec frostbite (thickened

Tiune 2 Fect of wlute patient 4 ;
t big toe shown

nadl and tissue defect of el
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Frane 4 Development of juxta art cular  subchondral defect. (A) 2 months
(l!% " months {C) 12 months and (D) 4 years respect vely following frostb te
Defect first vis ble 7 months after frosthite [heads of ffth provini) and § urd
middle pllinges (5]
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by some nerve or vascular mechamsm but simply follow exposure
of bone to the outside world

The bone changes which particularly mterested us were those
seen mn later months near jomts Figure 4(A) shows, for mstance,
the fifth and fourth toes of a soldter 2 months after the frosthite
and they look perfectly normal Figure 4(B) shows them 7 months
after the frosthite There 15 a hittle deformity of the proximal inter-
phalangeal jont of the fifth toe and a hittle deformuty of the
distal interphalangeal jomnt of the fourth toe A year after the
frosthite, 5 mopths later there were very defimtely changes of
these two jomt surfaces apparently produced by subchondral
bone defects [Figure 4(C)] There are a few reports mn the
Titerature about 1solated cases of smlar jomt changes datmg back
to 1930 (1-4)

As to what happens to these joint changes during the later follow-
up this same patient 4 years later [Figure 4(D)] showed that the
jomt defects were still there, but they were surrounded by dense
bone In some of these cases the joint lesions had defintely re
gressed at the end of 4 years while m others new lesions had
occurred

Hedblom Was there any change 1n the subjective symptoms in
the patients® Were their feet mare or less comfortable?

Schatzk: 1 saw several of these soldiers with jont injuries at
Fort Knox about a year to fiftecn months following the frosthite
and at that time we could not eliit any complaint 1n regard to the
jomnts i any of them The involved joint of one of the soldiers was
a little stff This picture changed m later follow up As Colonel
Blair sud earler there was quite a number of soldiers who later
complammed bout jomnt pam  As a matter of fact the myonty of
the soldiers with roentgenologic jomnt changes had jomnt pam by
that time but so had others who did not have any roentgen ray
changes One obviously wonders how many of those complunts
are really caused by what one sees roentgenologseally

Hedblom  But none of those with ridiographic jomt chinges
were free of pam?

Schatzk: T do not know about that Is that correct?

Blatr We would hne to go throuch all the histories to check,
Dr Schatzhi but definitels not in the case that vou hue just
shown

Schatzhi Yes
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Blarr Tlus patent sard that he never had jont pan durng sum
mer or winter In the winter he complams of some stiff jomnts, but
he does not complun of pain at any time

Talbott What was the degree of myvolsement ongmally on that
foot?

Blair His was a third degree frosthite case involving both feet

Talbott But the fifth toe 15 the one that 1s the most affected

Blair  All toes were swollen in appearance and they had super-
Beial vesicles on the dorsal portion of both the great and the second
toes The jownt changes here ave i the first and second toes, aren’t
they?

Schatzks And the fourth and fifth

Blarr ‘That does not rule out the fact that he may have had
mvoh ement there, too

Schatzhs For some of the soldicrs there was such @ very detuled
description of the foot that we could estabhsh almost it by digit
what degree of frostbite was present In most mnstances they had
third degree frosthite A few of them had second degree and I
think at least one of them had only first degree frostbite of the
mvohed toe

Blarr He did have mvolvement of the fourth and fifth toes 1
would say that he probably had a second degree wyalement of
the fourth and fifth toes

Shumacker On looking at the colored transparency one would
sav that the fifth toe was the last one to heal and that it was the
stte of third degree damage

Blawr Yes, be had thid degree damage of the fourth and fifth
toes

Shumacker Do these cystic chinges, i your optnion resemble
m any way those seen m gout?

Schatzhi Not so much the ones in gout but T would sn they are
smilar to what 15 seen 1n degenerative arthritis and ocersionilly
m rheumatord arthntis The gout lesions vary markedly m size
They are usually much larger The late jomt changes seen follow
ing frosthite are much mare homageneous m charicter and size than
are gout lesions

Horvath What about following severe burns of the feet?

Schatzky I have no 1dea
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Horvath 1 would hike to raise a question s this a specific or a
nspectfic response to damage which has been going on prior
exposure?

Montgomery That might be difficult to establish

Schat.ht  Hands apparently are much more apt to undergo
nt changes In our matenal the total number of frostbitten hands
s rither small but of the 11 soldiers who had frosthite of the
nd 4 showed late joint chinges whereas of the approuimately
who had frostbitten feet only 11 showed late jomnt changes
This difference may be significant The question of whether ll
\diers were really frostbitten or whether some only had trench
ot imuries was discussed earher this morming Ve do know that
| injured hands were really frosthitten The presence of such
nt changes perhaps proves the real frostbite nature of the mjury
at least do not hnow of similar lesions combined waith trench
wmmersion foot

Horcath Y wondered because 1t certamnly looks hike a nonspeaific
action

SchatzAi Yes This question I am sure will come up after we
wve seen some of Dr Kulkas specimens

Shumacher One thing that comes to mv mund and ¥ do not
10w whether 1t hes any real pertinence at all 1s that 1n 1 very
nall percentage of patients with Raynaud s disease or a Raynaud
ke disorder there 1s an assoctated arthnitis I suppose mamyv of
u have observed this association on occasions I recall one
oman who had « very disabling Raynaud s disorder affecting all
ur extremities and very severe sclerodermu of the hands  She
ad rather diffuse arthnitic complunts and she had cystic chinges
hich were somewhat like these under dscission They were
1ggestin ¢ enough of gout to warrant studving her from this stand
omt Ve were not able to establish gout 2s the dignosis how
ver She is the only patient I have seen with Ryynted's di order
nd arthnitic complunts who had cvstic bone changes They were
ot too dissimilar from these under discussion

Talbott Dr Schatzhi T would feel that the roentgenologic
hanges that yo 1 have described are more closely relited to those
frl d arthntis or d ve disease  Certunh the ¢ystic
hanges thit Dr Shumacker has deseribed do not mewn gout at A1l
Shumacker No

Talhott The cvstic changes are the items that ma be confused
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Shtmacher That 15 correct

Talbott 1 think the distmet changes were narrowing of the jomt
space ‘These are the changes we see charactenstically in rheuma
tord arthntis and sometimes 1n gouty arthnitis

Schatzhs The thing that makes them different from rheumatoid
arthritis 1s that one does not see any late osteopoross with 1t nor
any jomt fusion  We have not seen « single joint which fused

Talbott Then we can simply say thit these may be similar to
theumatowd arthritis 1n an earlier stage because jomnt fusion 1s a
late stage of the disease

Schatzht Obyviously they are subcartilaginous defects and the
same happens m rheumatoid arthnitis

Conn Could this be compatible with a form of triumatic de
generatise arthnbis?

Schatzhi Yes I thik it could be T have asked myself quite
frequently Is there any possibility that these patients have just
used therr limbs m 1 different way and therefore these changes
have occurred? I thimk that 1s what you were leading up to

Conn Yes I was wonderng whether under the conditions of
acquisiion of this leston it might not be that trwumn played an
important early part the degeneratne lesion develops at 4 later
date but the traumatic mcident occurs early

Schat.hi This 1s difficult to say but I think there 15 a defimte

bility that some 1 static factor may play some role
In favor of 1t 1s the distnbution of the lesions The vast majonty
of the lesions occurred 1n the fifth toe 1nd not m the great toe
which 1s the most commonly mvolved toe chmeally What 1s the
relitne frequency of chnical frosthute of the first to fifth toes
Colonel Blaw?

Blair In the 100 cises I cannot gine you the exact number but
the first toe 15 by far the most frequently 1mnolved and then usually
the second and fifth toes

Sclatzks In Colonel Orrs paper he says that climerlly on the
night side the first toe was imolhed 36 times and the fifth toe 22
times and on the left side 38 to 6 The hicher wcidence of jomnt
changes 1n the fifth toes must have some siznificance and T would
not he surprised 1if static factors enter 1 thete

Tigure 5{A) shows a man 8 months =fter the frostbite The toes
are perfectly normal Tigure 5(B) shows the early defect i the
terphilingenl joint of the great toe 8 months after the frostbite
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Fioure 6 Development and 4 year follow ug of juxta articular bone defects

25'yerr old soldeer with sccond degree frost
evcept for some osteaporosss (B) 7

jomts of second and third toes (§ "
Vmson ¥ and SchatzM "
frostbite horea 1950 51 Radtalogy

tte  (A) 3 montls mo Qn‘holgﬂ
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Figure 5(C) shows that a year after the frostbite there 15 a very
defimitely established defect here Figure 5(D) 1s 4 years after the
frostbite and healing 1s evident 1n one of the defects Offhand I
do not remember that I have seen such nice healing n patients
who had degenerative changes This patient by the way, had
similar changes m the httle toe of the same foot Does he have any
disability?

Blmr He complaned of some jomt pain primanly in the night
foot as compared to the left and he complaned of suff joints i
the nght foot but not 1n the left

Hedblom How long was that other man off his feet?

Blatr He was off his feet roughly for the major part of his first
6 wechs in the hospital but he was hospitalized for 6 months That
was his total penod of hospitalization from the 15th of January
unti] the 15th of June of 1951 6 months of hospitalization with
approximately 6 weeks off his feet

Schatzki Tigure 6(A) 1s the 8 month film of the next patient
It shows nothmg abnormal except for some decalafication which
later disappeared Figure 6(B) shows that 7 months after the
frostbite some very tmy jomnt defects become visible which are
marked at the end of 14 months [Figure 7(A)] Then round de
fects which do not scem to be connected with the jomnt can be seen
T rather think that they probably are and that they are on the edge
of the jomnt in front or in back 1n other words n face on view of
the lesions Itis however possible that they are actually separated
{from the jomt by some normal bone Ve have no way of knowimng
On the anteroposterior ind oblique views which we had at our dis
posal they never were defimtely proved to be connected with
the jomt

Figure T(B) 15 the same foot 4 years Inter  There 15 some filling
m of some of the defects The patient showed very similar Jesions
in both feet In contrast to one foot the lesions of the other foot
are almost unchanged 4 years after frosthite (not 1llustrated)

Hortath Were both feet imvohed?

Schat~hv Yes both feet were mvolved The films of the hands
shown n Tigure 8 belong to another soldier He had taken lus
rloves off in order to warm his hands at 1 fire  Then the cnemy
strted to open fire  He jumped inte a foxhole and his hands were
exposed to the cold for several hours  He developed 2 third degree
frostbite



48 Cold Injury

Froure 7 §ime sold er ag shown m Figure 8 (A) 14 months after frosthite
obvious defeets of the ‘middle phahngesg“l:[ the ‘second g and fifth toes

) 4 years after frostbite  partiy] healing of defects Reprinted by permussion
from Vinson 1 A _and Schatzl, R TRoentgenologe bone changes encountered m
frostbite Noreq 1950-51 Radiology 63, 635 (1954)
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Ficure 9 Four year follow up of joint changes (A) 1o jomt changes 8 weeks
following frostbitc and {B) 4 years following frostbite (the termmal pl alanx of the
muddle finger has been ampuiatrd) There are subchondral defects seen m the
;bsta‘lj ltntcrp}n‘ ngeal joints of the second and fourth fingers Clhineeally third degree
rosthite
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The jomnts appear normal 3 months after frostbite  Shght defects
of the jomnt surfaces re visible at 8 months after frosthite {Figure
8(B)] They are very marked 16 months post frosthite [Figure
8(C)] He also had changes m three other fingers two on the same
hand and one on the other hand Unfortunately we have no late
follow up films of the lesions

Figure 9(A) shows another soldier with a similar story He Jost
s glove Ths 1s the 6 week film following the 1njury and 1t shows
normal joints then there are no films until 4 years later [Figure
9(B)) One phalanx had been amputated The jomnts mn the two
adjacent fingers show sharply defined defects of their surfaces
When these films are examined closely 1t will be obsenved that
the tribeculation of these fingers down to the proumal mter
philangeal jomnts has changed compared to the onginal film  The
trabeculae are a little more widely spaced and thicker not quite
15 1n Pagets discase but there 1s a change 1n that direction The
changes are so small that I only became interested n them after
1 saw the lantern shdes of the individual phalanges Once I reahzed
them however I recogmzed them m a furly lngh percentage of
those soldrers who had jomnt mjunes

Talbott Would you define joint injury?

Schatzhi T was talking 1bout the roentgenologic changes close
to jomnts

Talbott The cystic changes®

Schatzht Juxta articular changes

Montgomery Is the appearince of this very different from that
of diibetic neuropathy as opposed to that of the ischemic tissue
of the dnbetic?

Schatzhi They are different although verv early dinbetic arthrop
athy m1y look somewhat similar

Vontgomery Iwaswondening if there might be a common factor
such 1s damaged nerve plwang a part in both diseases

Schatzki T do not thmk so I believe the dinbetie changes re
sumlw to those scen i taibes  They represent abused jomts 1n
pitients who have lost sensation and do not protect the joints
normally The frosthitten patients s far as T know or could learn
from Colonel Blur do not have these neurologieal defects so this
15 on 1 completels dufferent hackground

Talbott They may hue the sime subjectne symptoms that a
dubetic prhient has it times m which 1t 15 not possible to demon
strite much Isnt that nght Dr Conn®
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Conn Yes However, by the time changes n roentgenograms
of the jomnts can be seen, the typrcal Charcot jomt results, m
which there 1s very little sensation  But I have been thinkmg along
those same lines, because m early diabetic neuropathy, before
anything but sensory changes can be demonstrated, at least before
fibrotic or sensory changes have been seen, hyperhidrosis has not
been an uncommon finding

Montgomery Those I have seen m dibetic neuropathy were
hypohidrotic

Conn They were hypohidrotic later, but in the early stage they
were hyperdrote

Question In the diabetic neuropathy, 1sn't there severe pamn as
a very common sensation?

Conn A burnmg sensation

Montgomery And often not severe

Conn Not often severe

Schatzki I cannot quite concerve of these changes being on 2
Charcot joint basis Furst, I think at no time were any neurological
defects demonstrated, and then secondly, the jomt lesions some
times healed later

Shumacker They did not have any demonstrated sensory defieit
did they?

Blair Not that we could detect We hnd a laboratory set up at
the Army Medical Research Laboratory at Fort Knox whose primary
function was a sensory study on these indiduals, consisting o
tactile sensation, temperature pam and proprioception studtes
and the findings were all essentially negativc 1n these eses

Conn But during these 7 hours of exposure, while they were
getting this lesion, they had no sensation

Blair Essentially one of cold first then superseded by numbness
That was charactenstc

Conn  And njurv at that time could have come quite easily
asmuch as there was very little protection by way of sensition

Montgomery Especially 1f the tissues were hard all the way
through

Conn Yes

Schatzki Do you think there can really be that much dimage
from abusing limbs m that short period of time?
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Conn 1 wonder whether an ammal wath feet completely anes
thetized for 4 hours wouldn't injure hus jomts quite severely while
walking around

Kulka THow about cases of spramed ankles wlich were mjected
with novocan? Might they serve as a control group?

Conn I do not think that tactile sensation 1s abolished by that
procedure, 15 1t?

Simeone No

Schatzhs For mstance, 1n the man who lost hus glove and was
severcly frostbitten, do you think he made much use of his hands
during those hours while he was exposed?

Conn 1 do not think he made any use of them but he may have
bounced them around and not known what he was hitting

Montgomery You mean he mght have torn tissue 1n the peniod
of sohdification or duning the begmning of thawmg beyond what
he might otherwise have done?

Conn Otherwise, yes

Schatzht Your theory 1s dufficult to disprove Figure 10 1s the
finger of another frosthitten soldter with late joint defects and late
trabeeular changes The bone looks “older” on the last film than
1t does on the earher film T do not know if that has anything to
do with the injury per se Dr Kulka would like me to assume that,
from s rabbut findimgs I wonder, however, if these changes are
not simply a result of changed statics They look so much like
what we sce otherwise following changes 1n staties for mstance,
the pattern of the femur after mjury to the spine, that T am rather
wclined to think at the present time that these changes are not
caused by the frosthite mjury but by adaptation of the trabeculze
to changed static conditions

Horeath There are two changed conditions here  One 1s age
md the other 1 probabh disuse

Schatzht Age plays no role T think

Horath But $icusas 4 seurs

Schatzkt Not in this 1ge group  This 1s the onhy time when 1n
our Ines we have “normal bones 1¢ Dbetween 20 and 80 and
the patients were practiealls all i that age group

Horvath Even betwcen 20 and 80 some changes must be occur
nng

Schatzk: Not discernible ones
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there are the minor changes i the whole bone As far as the
tuxta articular changes are concerned they will not occur just from
disuse as far as 1 know

Horvath That 1s nght

Schatzkt The munor diffuse bone changes look different from
what one sees 1 tcute disuse and they look different from what
one secs even in long stinding disuse  They look 1 little bhe what
one sces n changed use

Horvath  Yes You think the puxta articular changes are not
related to the aging of these indviduals?

Schatzkr 1 do not believe that they have anything to do with
the aging of these individuals Normally people n this age group
have the micest looking bones one cin sce anywhere They do not
get these changes unless they have suffered an 1njury to the bone
then of course they do

Horvath They my have had an injury indirectly to the bone
and therefore this 1s showmng up speeding up the mnjury

Schatzhi What kind of muny?

Horpath Nutntional

Schatzki Dr L Henry Garland of Stanford Unnersity San Fran
asco when discussing Colonel Vinsons and my paper (5) won
dered whether these could be degeneratine changes which these
soldiers might have gotten anyway even without frostbite In my
opmion young people do not develop such degeneritive ot
changes without obvious “mjuries

Horvath Of course the jomnts that T have scen hae been the
knce joints pnmanly and there a quite marked agmg change which
1s varible among different indivaduals ean be seen

Blarr In the 20 year group?

Horvath Youn do not sec many 20 year olds with much change
but there are some  You cannot tell whether it 1s « beginning aging,
process or aging per se unhl vou follow them along but T thought
1t might be concenable that there may be 1 factor here  This 15
2 weight bewnng area qust as much s the knee 15

Schatzki The jomt changes 1n these frosthitten soldiers oceurred
also m the fingers where there w1s no factor of weight beanug
As amntter of faet some of the most stnbing Jhanges were n
the hands I am convineed that agmmg has nothing to do with
these lesions

Figure 11 15 not of 1 soldter Tt shows the radiograph of the
first case with jont changes desernibed m the hiteriture  Lohr (1)
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m 1030 described this smgle ctse a boy who while bicycling froze
us hands He shows changes in those two joints and they are
very stmiar to what we saw i our cases This was a 16 yew old
boy and this film was taken 9 months after the frostbite

Rulka Was there real 1cing of the tissues 1 Lohrs case?

Schatzkt This boy wore gloves and 1 spite of that he had
developed severe blisters when he went to the University Hospatal
one day after the ijury

Sellers Whas that an intra articular change® It looked Like st m
the film

Schatzhi Yes I think most of the changes we sww were mtra
articular I used the word juxta because m a few of them we
could not really prove that they were intra articular

1 would lke to present 1 few statistical facts 1n regard to the
jomt changes The fifth toes were molved 1n twelve mstances
considerbly more frequently thawn the other toes {the first wd
fourth toes five trmes each 1nd the second and third toes three
times each)

The proximal mterphalangeal jomts showed changes more fre
quently than the distal interphalangeal jomnts (16 involved proximal
mterphalangerl jomts to 9 myolved distal interphalangeal jomts)
The metatarsophalangel jomts were miolved 1 only two nstances
Tn the hands which showed jomt changes the fitth ingers and the
proumal mterphalangeil jomts were likewise most commonly
affected It 15 of some mterest to sec how soon after the frosthite the
jomnt changes became noticeible In none of the fifteen cises with
jomnt changes were they visible before 5 months post frostbitc In
ten cases they were seen within the first year post frostite In the
remuning five cases they first showed up on the ridiographs t1iken
at the time of the 4 yexr follow up Some of these soldiers how
ever had had no opportunity to demonstrate earher jomnt changes
since their Inst radiogriphs prior to the 4 year follow up had been
tahen within the first 2 or 3 months following the mjury In other
words of cleven cases with adequate follow up ten showed joint
changes first within the 5- to 12 month penod following the frost
bite and onlv 1 one cse did changes appear later

T would like to 51y 1 few words about some other radiological
changes which are of mterest in regard to those seen in the rabhit
expermments  Among the 100 soldiers there were only two with
pentosteal new hbone formation around the imjured digits 1 con
trast to the frostbite rabbits whieh showed such new bone forma
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tion very commonly This 1s the little toe of one of the two 2
month and a half after the mjury [['igure 12(A)] A small amount
of the new bone formation can be seen around the prowmal
phalanx and also the corresponding metatarsal bone In addition
there 1s a small aren suggestve of destruction m the phalanx
There was a blister over this toe The record at no time ndicates

A B [}
months (B) 4 moaths
nd

I s
4 1950-51

Ficuse 12 Trans ent per osteal new bone fomston (A) 2
20 (©) 4 sen s after frosthto T rnted by perm sson fom V nson

hatzk Roentgenolog ¢ bone Smnges encountered In frosth te Kore’
Rud olog 63 685 (1954)
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that the patient had climcal osteomyelitis but at the end of 4
months this defect had almost healed {Figure 12(B)] The new
bone formation was decreasmg and at the end of 4 years the toe
appeared wormal [Figure 12(C)1

The other case was a 17 year old boy who 5 weeks after the
injury showed some very carly penosteal new bone formation
about the fifth mettarsal bone and 2 little more at 9 weeks
(Figure 13) The 13 week film shows that 1t 1s almost gone

B
Founk 13 Transcnt periosteal new bone format on about the head of the Gt

m tata al of 4 17 year-old solder close to growng epphyss (A) 5 weeks
B) 9 ks and (C) 13 wedks after frosthte (Sce also F gures 14 and 15 )

The new bone formation was close to the open epiphyscal plate
and the mnjury resulted m a growth disturbance of the epiphysis
(Migures 14 and 15) In additton the radiographs 4 years after
tl ¢ frostbate show diffuse changes 1n trabeculation of the mvohed
toe wnd metatarsal bone s seen 1n the hite follow ups of some of
the pitients with jomt changes

The rest case (Tigure 16) which 1s not a soldier but a cld
which was seen recently at the Massachusetts General Hospital
will ustrate more dramatically the growth disturbance which
mu te cwsed by frostinte as found by Dreyfuss and Glimcher (6)

Rark  Did vou obtun amv speeimens from these bones for
biopsy?



62 Cold Injury

Foums 14 Sa e solder as shown n Fgure 13 4 yers ] ter (A) growth &
form ty of the head of the metatarsal has occursed on the mjured s de &
normat fiftl metatarsal of appos te foot for compar son (See al o F gure 1

Schatzh: None This 1s a 7 year old child who at the age of 24
years had run out mto the cold and had been evposed to a !eﬂl‘
perature below zero for 2 hours Severce blistering of the whole
hind n 1 glove fashion developed

Fremont Smuth  Both hands®

Schat.ks No only the ight hand Her left hand was m 1 POd‘e:
when she was found  About 1 year later 2 shorten ng of the finger
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A 8

5 15 Same sold cr a8 st own dn Fignee 13 (A) gront! dsturhances of the
heal of (1 e Gith metatarsal are scen o & 1 tersl projecton and (B) mormal mets
tars pb W ngeal jont for co | ari on

of the nght hand was noted Herc at the age of 7 the third fourth
and Gfth fingers arc shorter than on the nermal side  Several
phahingeal epiphyses are ahsent on the injured side  In addition
the jomnt surfaces of several interphalangenl jomts shawed punched
out defects Al this followed 1 2 hour exposure to cold

Cann Possble

Schat.ht Emlly we san veny mmor late cortical defects m
two saldurs They are abvioush not chimelh sigmficant but are
concen Al v of theoretical mterest {Fagures 17 and 18)
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T'igune 16 Growth disturbance and articular changes in a child Involved are the
third fourth and fifth fingers of the mght hand  Reprinted by permission from
Dreyfuss J R and GImcher M | Epmplyseal mpury following frosthite Mew
Tnglard | \ed 253 1005 (1955)

In summary, osteoporosis although frequently seen in the early
stages of frosthite, played ne mmportant chntenl role It probably
was not caused by direct frost mjury but apparently by disuse

New bone formation was rare Its sigmificunce 1s questionable
Of course 1t 15 1 sign of viability and may, therefore, be helpful
when the question of amputation anses The changes winch mter
ested us most were the late jomnt changes which occurred m a
farrly Iugh percentage 1n 15 out of 100 soldrers

Horrath Were these 15 the more severely imjured soldiers?

Schatzks I think they were not

Blarr No they were among the less severely myured 1 do not
know whether Dr Schatzhi wants to make 1 point of 1t or not but
1 think on the subject of trauma the high predommance of jont
changes 1 the eleven hand cases 1s mteresting  In how many of
the eleven was at?
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Foue 17 Late cortical clange ocormng evtsde the fomt (A) po al normality
s seen 6 montl's after froutt te and (B} Dealzed cort el defect with bone reactian
aishl 4 years after frostt ite

Schatzki Tour out of cleven

Blarr 1t 1s a much ligher perentage than occurred m the foot
cases

Trarcll Were the injunes to the hands more severe than to the
feet on the average?
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Ficure 18 Late de elopment of cort cal defect outs de the jomt {A4) the defect
s not v1» ble one year after frostb te but 1s clearly seen 3 years after frosth te (B)
Ths patent also 1ad n ol ement of otler wonts The cortcal lesions of this
p tent and of the preced ng p tent are very s n lar to the jo at lesions

Blarr If so only shghtly Among the hand cases there were
two fourth degree cold myuries but there were also some mild hand
cases 1n which there was no tissuc loss

Schatzkt Jomnt changes frequently occurred m persons who d d
not lose a single phalany from the cold injury
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Blair One that showed the most stlang joint changes was only
a second degree cold mjury

Schatzky 1 was interested n the discussion of the ill defined
conthtion of the feet” and trench foot 1 relation to frostite and
m Dr Fremont Smiths remarhs as to whether these were not
actually the same things in a different degree 1 would like to know
if patients with trench foot particularly with sesere trench foot
showed similar joint changes If not this may be of considerable
) 1 diag: and t} ] interest

Montgomery You did not wake roentgenograms of the cases
clssified as “ill defined condition of the fect

Schatzhi In this group there were only two with so-called il
defined condition of the fret” and none of those showed joint
chinges

Fremont Smmth Vwhat about smmerston foot? Are there joint
changes in mmersion foot?

Schatzh1 1 do not hnow of any roentgenologie studies on 1mmer
sion foot They would be mterestng Dr Simeonc and 1 have
discussed this There are many cases of trench foot m Ius group
and it may he of value to study them radiologically

Fremont Smith  There conld be some follow up on some of the
immersion foot cses of the war too

Stmeone It would be very easy ta do such a follaw up We did
not do 1t sn our study because we had the impression that roentgen
ologie exammntion of the feet after cold mpury showed only osteo
porosss  The pichures that T can recall did not show these cvstie
mxty rticular changes but they were made witiun the first few
months fter the imjury  This was i trench foot

Iremont Smuth  Are immersion foot nd trench foot more or
less svnonymous®

Sumeone Yes T eonwder them so bt 1 do not beheve there 1
generl agreement on this pomt

Behnhe In patients who showed no jomnt or bone changes would
sou sy that the arenlation to the bones was normal®

Schatzhke 1 hve no way of tdling  Colonel Blue perhaps cm
unwer that better than 1

Blawr 1 do not bclene Tem anwer that gotitatnely  Captam
Baluhe The strrhang thing i these patients is the exeeptionally
wad arenlition that they do have as relates to foot warmth
pulses ind so forth but as to carrelation of arcultony status wath
roenteenolowie findines 1 cwmmot nrovide that infarmatian




68 Cold Injury

Behnke Tt 1s rather disappomting, 1snt it, that with the bone
and jont changes the roentgenogram does not show more with
reference to diagnosis and prognosis of the basic lesion? In the
mnduiduals who had symptoms, how many showed jomt and bone
changes?

Blarr In the large group of third degree mjures, of which 83
cases were examined, 7, or 20 per cent, showed loss of jomt mobility,
and 28, or 80 per cent, showed no loss 1n joint mobihty

Belinke 1 would like to ask one rather delayed question about
symptomatology with reference to a sensation of abnormal warmth
or burning Cold feet was mentioned In mmmersion and trench
foot, paresthesia, mn the form of abnormal warmth and burmng
1s an outstanding sensation 1s 1t not?

Blair Yes, that 1s true We ashed 1n the hustory and question
naire forms questions as to paresthesia, consisting of burning tin
gling, and throbbing sensations In a fauly large group of the
patients, particularly durmg the winter, there were complaints of
burning and tingling, ranging from 39 per cent showing burning
sensations, 44 per cent showing tingling sensations, and numbness
m 75 per cent It s indeed a stukhing number that show paresthesia,
occurrning more m the winter months than during the summer
months

Behnhe Were the symptoms associated with erythema?

Blair This was very difficult to analyze because of the cond:
tions under which the feet were examined, as I said before If
there had been standard examination conditions, abnormal color
could be evaluated, but many of the men did have erythem1 an
color changes

Behnke 1 would hke to ash Dr Shumacker whether or not, with
reference to the erythema described, there 15 a big difference
Dbetween frostbite and trench foot?

Shumacher 1 do not know that T can answer 3 our question with
accuracy becanse T must depend upon my memory and upor
climcal impressions rather than upon detaled studies It 15 my
mmpression that the feeling of abnormal warmth, hoth m trench
foot and 1n frosthite, 15 usually of rather brief duration and occurs
shortly after the period of rewarming begms, and that ultimatels
1n trench foot, as i frosthite abnormal sensations of temperahl[rle
are hughly weighted on the side of a tendency to increased col
ness, particularly on exposure to cold
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1 think perhaps Dr Simcone has more detarled wformation
about this pomnt but there 1s a lugh pereentage of patients who
for a long time after having sustaned trench foot have feet that
are ahnormally sensttive to cold just as was true i Colonel Blurs
group with frostbite

Fremont Smith Did you mswer the question about color? Cap
tymn Behnhe ashed about color changes

Shumacker The same halds true with color  Dunng the penod
of rexwtine hyperemia shartly after mnjury the extrermities tend not
only to be warm hut erythematous and subsequently the most
common change 15 ane of coldness and pallor particul uly under
the stimulus of exposure to a cool atmosphere

Fremont Smith Is that color change more prominent 1w trench
foot and 1mmersion foot than it ts 1n frosthite or would 1t be about
the same?

Shumacker 1 would s1y that it would be abant the stme

Montgomery Ungley ind Blackwood (7) showed i a large sertes
of mmersion foot cnses that a few hours or several davs after

TEf 0 530 weeks m which there s
the shin beng red hat and
between this md frosthite

1s that the severely frosthitten arer has lost ats bload supply and
the less ifected portians yust hove the frastintten aret e small
md e considered s hnes of demarcation  These narraw arets
are mffamed for weehs and are often wfected

Fremont Smith That 1s 2 ven good pont

Sttcone These color changes which we desenbe 15w mftam
mitary o etion do st for as yuch 1s from § 1o 8 months m the
ey severe s Same of the piients cven when hung w1
hazontal position that Tite fter mpuny may exdubnt red dne
somewhit edumatons sk wd esen m the absence of gngrene
w Iy of past

- a1 -

Framout South Yon attnbute that to inflimmation® You su
wmilimmitory What do von mew by that mfcction®

Qumeone No

Fremone Smdth You mean tusue reactinaty sometfung distinet
{from \ somotor®

Simeone  Presumably the isteroles wd eypllnes are more
dilvted than they normally are
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Fremont Smith 1t was your phrase mflammatory which 1 did
not know how to evalunte

Suncone 1 would take 1t a5 2 chenicnl mfimmation rther than
a bactenal mflammation that 1s a reaction to the exposure to cold
Whether 1t represents the result of direct mjury to the affected
cells or an mdirect mjury resulting from prolonged anowa and
1schemin T do not know

Fremont Smuth  You do not think it 15 ctused secondanly by
vascular changes?

Simeone 1 do not know that even It could be

Fremont Smuth From your pownt of vien 1t could be all second
ary to the vasomotor Ch:mges?

Montgomery No 1t 15 ewsily demonstrated at least m ummersion
foot that there are very marked histologic changes certimly 1
muscle nd nerve

Fremont Smuth Lasting several months?

Montgomery Yes

Shumacker Dr Montgomery was refernng to the greater extent
of mvolvement 1n what we know 1s immersion foot in contradis
tinction to trench foot I have always considered thus to be a rather
prominent pomt of distinction between these two types of col
mjury With reference to the greater extent of injury 1n mmmersion
foot 1t 15 of interest that farge nerves are frequently paralyzed m
this condition The peroneal nerve for evample 15 completel
paralyzed mn a sigmificant percentage of cases of immersion foof
while 1n contrast any netve myury that 1s demonstrable i trench
foot 15 usually mamfested simply by scattered areas of hyper
esthesia or hypesthesia 1 believe that no one saw patients wath
trench foot durmg World War I who had punalysis of a major
peripheral nerve but major penpheral nerve paealysts wis noted
not infreguently 1 cases of unmersion foat

Fremont Smth  And that was not from mechamenl pressure

agunst the nerve?

Shumacker Not so far 1s one could tell

Montgomery The distinction 1s not a real
of area or volume nvolved Tn immersion
are usually severely chilled 1n frosthite of the Ipwer exl
foot alone

Shumacher T agree with that

1 one [t 1s a question
foot the foat and Jeg
tremity the



Roentgenologic Changes w Bones in Man ki3

Simeone Another interesting phenomenon dunng this late “in-
flammatory” phase i relation to the complamt of heat which
Captain Behnke mentioned 15 the subjective sensation of heat
alternating with one of cold Tins occurs parhieniuly dunng the
mght and m the absence of visible objective changes

Fremont-Smth Have apy shin temperature changes been taken
dunng those fluctuntions?

Simeone  Not that T know of, as actual measurements, but by
palpation no obvious changes m the shin temperature have been
felt comoding with the subjectne sensations
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EAXPERIMENTAL COLD INJURY
IN THE RABBIT

JOSEPH R BLAIR
A1y Med cal Research Laboratory
Torf knox Ky

1 wouLD LIKF To PRESENT the expenmental method and bachground
for the animal studies that Dr Schatzk: and Dr hulka will subsc
quently present In this study we tried to reproduce s closcly
1s possible in ammals the cold mjury Jesions of soldiers that hne
been deseribed previously

We devised a method of producing expermmental ground ty pe
frostbite 1n ribbits  Adult New Zealand white rabbuts were pre
puwed in 1 standard manner the rear feet were chipped nd de
piltted with 4 depilatory cream as seen in Figure 19

We then took the rabhit and placed him 1n the appiratus shown
m Tigure 20 our so called rabbat foxhole  We endenored to
simulate the soldiers conditions of freczing first s to ambient
temperature ~25°C second as to simlar exposure tume ahout
4 hours third as to immobility and fourth as to dependency

Ve nsulated one foot to protect 1t aJunst any cold mpury so
that 1t mught serve as a4 normul control for all histologic and
roentgenologic studies 1 would like to pomt out that in trymg
to produce this model of human ground tvpe frosthite there are
several distinet differences hetween rabIit and human cold injury
One difference 15 that the rabhit foat (Tigure 19) 15 largely sk
overlving sheleton There 1s very Iittle soft tissue in the rabhet foot
15 compared to the human foot  The second difference was pointed
out to us by Dr Montcomen s group  He made 1 vy helpful
sugpestion and we plin to nse it The sold er standing, i the fox
hole 1s 1n 1 state of werght bearing Throughout the penod of cold
eyposure Ins proprioceptine mechanisms are beng stimulated and
he aho has the opportumity of tensmg his muscles These anumals
with their legs m 2 {reeh dependant position differ in these re
spects from human frosthite Dr \ontromen suggested thit we
mught put 1 black under the two rear feet so that they would he
i contict i order that thoy would hve v waght bonng sensa

73
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Ficure 19 Hind feet of rabbit depilated before freezmg

tion and muscle tensing abthty simlar to human feet Dr Kulka
and bis group are using this modification 1n some of the freezing
experments they are undertaking

We placed the rabbit in the fovhole and put an electric heatmg
jacket about him to mamtun his rectal temperature at 388°C
plus or mmus 2°C  Then we placed thermocouples on the toes
and dorsum of both feet to measute the place and time when shin
temperature dropped to a pomt where freezing begins By hming
with a stopwatch from the moment when freezing began, we were
able to control the degree and extent of mjury A one mmute
freeze, 1 our experience, will produce a very mild cold myury,
20 mmutes of freezing time produce a muld to moderate fourth
degree mjury forty minutes produce a verv severe mjury which
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Tictnt 20 Apparatus for producing experimental frostbite in the rabbit

mvanably causes loss of all phalanges  Total cold exposure averrged
abont 4 hours

Fremont-Smuth - These rabluts are without anesthesia®

Blair These are totally without ancsthesta of any hind  They
are preped as in Figure 20 and phced in a deep-freeze umt which
1s hept at —25°C The shortest penod of time m which we hune
had o rabhat freeze 1 62 minutes Some have remamed m the
deep freeze for 21 hours without freezing, and we hnd to remove
them because their resistance to cold was so great that they dud
not freeze

Iremont Snuth T think the dinadual vanation s interesting

Blair It 15 mteresting and we see the same thing m human
beings  One man sl get severs frosthite while standing in a
foxhole while hus buddy who s stinding nest to lum and weanng
the sime clothing my get no cold myury at all

Figure 21 shows a Iusion one day after cold injury  with the Teft
faot mmmpured becanse 1t was msubited and the frosthetten nght
foot an the stige of swelling or hyperemin



76 Cold Injury

!:Jo 3 24HRSAI;FB Il Fens

Ficuns 21 Frostbite lesion one day after freezing (left foot umnjured as contzal)

Figure 22 shows the onset of gangrene occurrimg on the seventh
day in the nght foot, with the normal control foot on the left This
15 a 20 mmute freezing ammal, which eventually lost 1ts termmal
phalanges on the nght foot

The third difference between 1abbit lesions and human lesions
15 the definite 1cing of the tissues 1 all fourth degree frosthite 1
the rablut This goes back to the pomt that Dr Fuhrman brought
up We do not see 1cmg of tissues too often i human cases, but
it 15 an umversal occurrence m rabbit lesions

That 15 a very brief summary of the cold injury that we produced
n ammals, which Dr Schatzkr and Dr Kulka will discuss in more
detail later

Stmeone Ihd those ammmals form blisters?

Blair Yes these ammals do form bhsters, but thev are not as
large as those you see in humans  We can dehmit or, shall we say,
telescope this myury by using another method of depilation which
Figure 23 shows The rabhat 1s depilated only to the base of his
phalanges  This tends to telescope the mjury so that we see s.ewen:
to very mild mjury over a much smaller area There are intac



Experimental Cold Injury n the Rabbut e
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Tt thite lesion one week after froczing (left foot uninpured as control}

L ve2

blisters throughout tles arcr They arc not 1s hrge 15 we sec m
the human cases but they defimtedy occur

Another reason that bhisters are hard to obserse 1s that once the
anemal s put back into us cage blisters are almost alw s broken
nd are no longer present  The photosraph m Figure 23 1s about
G hours 1fter thawing has occurred

Burton If you took an ammal down almost to the freezing point
wd kept Tum for miny hours not quite freezing would there be
un mpun?

Blarr Thus 1s onc thing that we have not done and 1 do not
know whether we could hecwse the shin goes down to a entical
temperiture nd then esther freezes or spontaneoush  rewarms
1 know of no method by wiich the 1mmat cwn e taken down to
tte entical temperiture nd held there indefimteh

Burton I thought perhaps von nught huve done that i some
of these wwmals that were <o reswtut that vou eventually gae up
Did vou ever see ay inpuns s them® They are ammals that dud
not quite get down to freezmg arent they?

Rulke They didnt show much external evidenct of mjun and
uwnfortunately we have not done nucroscope studies on mamy of
these wmmds  In some mstinees they did show bone necrosis
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Ficure 23  Blster formation in expenimental frostbite

Burton Ewidently freezing 1s not absolutely essential to bring
ahout these pathologic changes

Kulka We cannot be sure about that point as yet, becanse 1
these particular anmals we did not have thermocouples at the
tips of all toes

Blair We had thermocouples on one toe of each foot Of course,
on the tip of a toe there might have been some freezing 1n an area
away from the thermocouple If we could bring shin temperatures
down and hold them just above freezmng that would answer Dr
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Burton's question, but we have not been able to devise a method
of dowmng 1t

Burton Perhaps you could immerse them m a thermostated
water bath

Kulka We thought we mught mhibit penpheral vasodilatation by
cooling the body and we thought we mght prevent freezing by
raising the ambient temperature to 0°C This 1s one method by
which we are planning to study the pomnt you are terested 1n

Montgomery Dr Burton, if the temperature of the rabbit’s leg
15 hept shightly above zero, by cold water for 4 hours, there will
be demonstrable lustologic changes n some of the fibers of nene
and muscle, and on rewrmmng some neuromuscular dysfunction
persists

Hedblom Was it m an effort to make the rabbit experiment
simulate the military situation that you allowed the ammals to
rewarm slowly at room temperiture? Or did vou also rewarm
some of these rapidly?

Blair 'We were not gong to report our data on slow and rapid
rewarming because 1t 1s now 1n the process of bemng analyzed We
did use this method of producing frosthite and tned to evaluate
rapid rewarming room rew wrming, and delyed rewarming in these
partieulr antmals, but the only thing we can say defimtely from
the status of our data at the present time 1s that we have not been
able to reproduce the dramatic benefit of rapid rewarming on
immersion produced frosthite

Hedblom On the immersion?

Blarr On immersion frosthite, ves where ammals are frozen very
ripudly by immersion 1 a freezing bath This work 15 very sumilar
to the studies of Dr Shumacker (1), Dr Crnismon (2), and Colonel
Lewis (3) at Randolph Air Force Base  These men are completely
m agreament as to the benefits of rapid rewarming There 1s no
doubt as to the excellent results of rapidly rewarmmg immersion-
produced frosthite

Tremont Smith Docs that apply onh to regular frosthite or what
vou called immersion frosthite which is a new combwnation of
words from what we hnve had previoush i this discussion®

Shumacher Some of 1y assocites and T (4) did expose un

westhetized mice to a low ambient temperature and thus produced
freezing of the tails In these ammals ripid remarmung of the
frazen tuls venv drimticilh effected a great saving of tissue
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Admuttedly the mouse’s tad 1s not entwwely comparable to the
rabbit’s foot

Blay Our own data have not been worhed up and analyzed
suffictently to draw defimite conclusions, so we cannot say s yet
that rapid rew arming has not been beneficial, but we have not seen
any such dramatic results w amy of our ammals from rapd rewam
mg that you see when you freeze by immersion i alcohol cooled
by dry see and then rapidly thawed

AMontgawmery Calonel Blax, did you freeze any of the anumals
for as short a time as the “ymmersion type’ of frosthte?

Blair No, we froze ours to what we call a very mild fourth
degree mry, praduced by ane mmute freezing exposure, hut the
total exposure time an 4 to 6 howss 1 the cold

Montgomery May the beneficnl effect of rewarming applv
solely to the frostbite that results from bricf exposures to severe
cold?

Blarr That 15 our current trend of thimlang especrally, for ex
ample, m Ingh altitade frosthite which usnally oceurs very quickly

Moutgomery We know that the seventy of frosthte 1s closely
related to the duration of freezmg, at least up to a half hour of
mare At hugh altbtude, i hqud gases, 1 cold brne, or ith a
cold rod, tissue can be frozen in a munute or so I the freezing
element 15 removed at the end of that munute and the part ss Jeit
at room femperature, the hssue may not thaw for many munules
However, if the part 1s rapidly rewarmed m wirm water it m3)
thaw 1n a munute, and the duration of freezing has been greath
decrewsed This seems to me the explanation for the suecess o
rewarming i the case of freezing of short duration and s fuluse
m the case of prolonged freezmg

Blair If you assume that these ammnls are relatnely ischenne
from the time that they are exposed to the cold or from when
spontanecus resarming fails the fotal fime that they are tschemic
1s not appreciably affected 1n our type of expenment by vapid
rewarmmng as s the case when they are put mto 2 brne bath for
3 mnutes and then rewarmed i 2 minutes, a tofol perod of
ischenn or frozen state of onlv 5 mmutes

Tn our case, where we have measured actun freezing for 20 ot
40 mmnutes and then rewarmed m 2 mnutes, the total penvd of
1ce formation or of complete tscherma is mny times that found
the ymmersion tvpe of frecze nury
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Blair That 15 quite nght except from tlus standpomt \fany
climeians have said that when a frostbitten patt 1s rapsdly rewarmed
greater edema 1s produced greater pam wd discomfort to the
mdinidual and the clincal response from the standpomt of svmp
toms 1s poorer with rapid rewarming than with ordmary spon
tineous rewarmmg at room temperature

Shumacker But those are mostly uncoutrolled observations and
1 could cite other climeal studies from which the apposite con
clustons were drawn  For eximple those made by Jack Adams Ray
and his associates (5) during 1 severe Stockholm freeze You will
recall that they studied 100 or more cases at that trme and felt
that the damage was decidedly less 1 the group of mdviduals who
had brought about as rapid rewarmmng of the cold mjured part as
w15 possible under the cremmstinces

Montgomery T wonder if there are any controlled experments
which would show that rapid rewarmme bas any advantage other
than that 1t shortens the length of time m which the tissue 1
severely chilled

Fuhrman T think T can answer that There was a set of obsers2
ttons reported hy Hardenbergh and Dawson (6] Thev kept the
rbbits feet frozen in the group which were to be rapidly re:
warmed for the same length of time as those thawed m ur an
still they got better tissue survival

Blair Up to what limit? They used an immersion freezing
quck freeze

Tuhrman They used an wmmersion freeze of somethng like 30
mmutes T do not recall the exact figures but those that thawed
1 aur took 18 munutes to thaw so they kept the others frozen 18
extra minutes and then rapidly warmed them

We attempted to get at the same thing m another way The
temperature at which the foot 15 rewarmed 1s enbeal as D;
Shumacker found and as we did also Thawing CC‘mPe'“mm” o
say about 95°C m water we much less sabsfctory than 42
m water

Blair We vsed 42°C m our pirticular obseryations .

Fuhrman Yet the time it takes to thaw in water at 42°C 1:
almost identical vith the time that 1t takes to thaw m water ;
25°C We have some measurements of that i which we put sul
cutancous thermocouples m fect, froze them and then put ont
group 1 water at 25°C and another group mn wa
There 15 only bout ane seconds difference m the tota

ter at 42°C
1 bme tht
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ROENTGENOLOGIC CHANGES IN
FROSTBITTEN RABBITS

RICHARD SCHATZRI
Departviert of Radnlogy

Mow ¢+ Auburn Hospita
Cambrsdge Wass

v 1, we tried to obtun cwly mtomedute and late
rocntgenograms on the frosthitten rabbnts but 2 rigid schedule was
not adhercd to Beeawse of wnadequrte help 1od other factors
rountgenograms were made of some rabbits only i carly stages
ad of others onh 1 hiter stiges

The rbibuits showed rountgenologie changes which in some e
spets wore simubar to and o others differint from those sean an
frostiutten humans Racntgenologie cxmmnitions were performed
on 73 ribbits  Practiendh i} of tham showed foss of phalanges
Sometines they brobe off just where the soft issie ended s Figure
21 shows and Dr Rulkx found i some of them granulatons which
were tetwally growng mto the hone it this fevel Whether that
was always so T do not know

The «xtreme frequency of pertostc il new bone formation was
mtercsting As we sud previonsly of the 100 soldiers only two
showed some new bone formation wd onh 10 a veny munor degrec
Of the rabbits which were exunmed 82 per cent shosed new bone
formtion nd ¥ am Furly certam that ff we had made roentgeno
grums of them more frequenth espeerall between 1 nd 2 manths
followmg csposure Al of the riblnts or practically all of them
would hive shown new bone formation @t one tune or anather

The degree of new bone formation v aned conadaribh - Trgure
23( 1) shows new bome formatian 13 ds after the frosthite The
Cirhiest wew bone formaven whreh we smoan any ease ocenrred
8 dnvs after frosthote)  Dinure 2568 shows thit new bone has
merewed £ dins post frosthate nd has almost disappeared 1
manthy after the cxposure {1 gure 25(CH

At times this new bone formation w s very marked as the nevt
cisc shows Seven dis dfter the frosthiee ther s no new Dag
formation Magure 2003 1 Ligore 2608 1y 2% dus dtee frontinte

3
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Frcore 24 Rabbit No 66 Destruction of evposed phalanges, also new bone
formation 15 visible ' months after frostbite

and quite extensive new bone formation 1s shown Forty four
days after the frostbite, the new bone formation increased [Figus®
97(A}] It 1s qute different from the new bone formation that we
saw 1 humans It looks more like the massive new hone formation
wluch one may see 1n scurvy caused by peniosteal hemorringe but
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Fretne 25 Rabbit No 31 Farly new bune formation of second toe (A4) 13 dng,
() Tt months and (C) 4 months after frovbute Farly new bone formition s
asstle an (A) 1t 35 more obians on (B} and hac alnest disappeared on ()

thit was not the cause, as the pathologic specimens will show
Sic months after the frostlnte, some of the new hone formation
becme comsolidated i some phices and practicalh disippeared
in others {Figure 27(B)]

Tigure 25 shows when new bone formation was first noted  Each
ntmil s charted enly once numehy at the time when the new
bone foumon was first noted  If new previous post frosthute
rountgenogreims hid boen tiken an the ammal this was indieated
by the svmbol 0 If pravious post frosthste films hid been made



1 :;G“{f 26  Rabbit No 66 Devclopment of new bone formation and osteoporosis
(bc) ones ippear normal 7 days after frostbite (B) new bone formtion s present
1bout the second wid third to s 23 dns after frostbite (See Tigure 27}
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Riblat No 66 (A) New bone formatim 1s vivible about the provt
1t has become well del acu!

FiGLre 27
extensve destrnction of ¢

phalinges of all tocs 1+ months after frostbite (B)
after 6 months (B) alo shows osteopoross and

termint) philinges
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Erevne 23 Tine of 11 coqunence of new b © nv o rabba witl na previo s
B \ts g vt Tit with gresims (1ns showing no new lxne Total 58 ammale

of the rabint wiich had not shown new bone this w s imdieated
In the ssmbol N

Most ribibits showed new bone first wound 1 ta I months follow
g the frosthute  The greiter number of them however hiad not
find any previous post frostnte roentgenograms and 2 s therefore
quite possible thit the new bone formation orcursed somewhat
carher

In two animals the new bane was not noted until 3 manths post
frosthate adthough they hnd Ind cahor post frostbite roentgeno-
£rums

Harcath How tong before thit? The Girst one was taken when
it dus 2 months later®

Sehatzhi Thes hrad been tiken T dus and 23 dans respectinely
tftee the frostinge
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Horpath 1F they were tiken 2 days or 7 week before the 3
months then 1t wonld be significint but this way 3t may not be

Schatzhy 1 ngree

Blair If you can give me the number of the anima) 1 can gne
it to you 1 have ail the dates of the roentgenograms on each
anumnl

Tremont Smith  The roentgenogrims were taken sernlly?

Blair Roughly about a month apart but as I smd we had trouble
wath change of techmteians and there are some gaps where we had
no roentgen ¥y techmenin avashble to make the flms

Talbott Were the amimals gren antibioties routinely?

Blair No they were not given antibiotics at all

Talbott There was no specific drug therapy thronghout the
period of study?

Blarr No

Schatzki  Figure 29 shows how Jugh the percentage of the
wmals was tt any gthven time which when roentgenograms Were
made at that particular time would show new bone formation
Almost all the ammals wlich were examned between 1 and 2
months after exposure showed new bone formation

100N
(30}

19)

rsd
PERCENT

OCCURRENCE,
son

25

23 1 v 2 4 K
TIME FOLLOWING COLD INJURY (MONTHS}

heses ) 1o
99 Rabbt penosteil new bLone Fgures n pieent!
‘;:xcn:ﬁfs of obsensatons wthn ta e interval ind cat

presedt
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Tigure 30 shows the distance of the new hone formation from
the nearcst phalant exposcd to ur as a result of overlying soft
tissue Joss  About 50 per cent of the areas of new bone formation
when first seen were m 2 phalanx which was partially exposed to
the air as 1 result of soft tissue loss  The first appearince of new
bone decreased with the mereased distance from the s exposed
philant In six instinces however new bone formition wis seen
in spparently mtict digts

In Jater weeks the new bone gradually decreased i amount
The mme ammals who had shown new bone formation and were
re exammined 5 to 12 months following frosthite 21l showed regres
sion or disappearnce of the newly formed hone In the majonity
the new bone had completely disappeared  The others showed
regression of new bone by that time

Vontgomery The hone was there but it was not forming new
bone at that ime? You say “regression ™ not resorption®

Schatzkt Let us s1y there was less new bone there than there
had been at the previous exammition of tl e sime animal

Montgomery 1ess formation®

50 {88}
(s8) 497,
1%
3%
121
" o (&)
|
Intact dig t Sepatated by & St proumal to Expored
normel phatens e1pored phelonr Phaloms
feom an ssposed
ore

Frotne 30 Locath o of new bone i regand to evposure b gures i patentheses
£ ¢ nmber of phalinges with ncw bone Each phalant appears oah toce N
mew bone # bt een
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Horvath 1f they were taken 2 days or a week before the 3
months, then 1t would be sigmficant, but this w1y st may not be

Schatzht 1 agree

Blair If you can give me the number of the anmal, I ¢ gne
it to you I have all the dates of the roentgenograms on each
animal

Fremont Smith  The 10entgenograms were tahen senally?

Blair Roughly about a month apart but, as I said, we had trouble
with change of technicians and there are some gaps where we had
no roentgen-ray techmein avaulable to make the films

Talbott Were the ammnls given antibioties routinely ?

Blarr No, they were not gnen antibiotics at all

Talbott There was no specific drug therapv throughout the
penod of study?

Blmr No

Schatzht Frgure 29 shows how Ilugh the percentage of the
ammals was at any given time which, when roentgenogiams were
made at that particular time, would show new bone formation
Almost all the ammals which were exammed between 1 and 2
months after exposure showed new bone formation

100
(30)
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75
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8o

2

vz ) e 2 4
TIME FOLLOWING COLD INJURY {MONTHS) .
Ficure 20 Rabhit periosteal new bone Figures in parentheses () represe?
numbers of observations within time interval drcated
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Figure 30 shows the distance of the new bone formation from
the nearest phalanx exposed to air as a result of overlymng soft
tissue loss About 50 per cent of the arets of new bone formation
when first seen were 1n ¢ phalant which was partially exposed to
the arr as a result of soft tissue loss The first appearance of new
bone d d with the d d from the air exposed
phalanx In six instances, howexver, new bone formation was seen
m appwently mtact digits

In later weeks, the new bone gradually decreased in amount
The mine animals who had shown new bone formation and were
re examned 5 to 12 months following frosthite all showed regres
ston or disappearance of the newly formed hone In the majonty,
the new bone had completely disipperred The others showed
regression of new bone by that time

Montgomery The bone was there but 1t was not forming new
bone at that tme® You say “regression,” not resorption?

Schatzhs Let us say there was less new bone there than there
had been at the previous exammation of the same ammal

Montgomery Tess formation?

50 (o8}
is¢) 49,
9%
5
1z}
N L]
%
[VA
Intact d gt Separated by o Just prox mal to Exposed

normal phalan exposed phalsnx phalans
from an exposed
one

Ficine 30 Location of new bonc m regard to exposure Frgures 1 pasentheses { )
gwve number of phalinges with new bone Each phalan appewrs only once. when
new bone 1s frst seen
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Schatsk: No, the actual new bone had regressed compared with
the previous examination

Montgomery Resorbed?

Schatzhi Resorbed, whatever that mechamsm 15 The new bone
usually looked different from that seen in humans OQur two human
cases and the few cases which have been described m the hterature
showed thin lammated pernosteal new bone formation whereas
the rabbits usually had big masses of new bone

The second most common change which we saw m these rabbuts
was decaleification of bone Very httle decalefication was recog
nizable early after the frostbite, quite 1 contrast to the humu
cases But as the animals became older, it became quite obvious
that they did show very marked demuneralization m other words
at a time when the humans did not show such changes

Figure 31(A) shows a normal ribbit foot before frostbite, Figure

frostb te
new
sfter frostbuto with, quéstionable early osteoparons and matked S50

Bone formition and {C) marked osteopoross of the metatarsals 5

frosthite

Figone 31 Tabbut No 75 Development of osteoporosis (A) before

(B) L month
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31(B) was taken one month after the fros(bxte, and F:gure SI(C)
S months aftes frosthite There 15 shght
1 month ofter frostbite Frve months after fmstlme it 15 gquite
obvious The change 1s qwte marked, and not a result of different
technique Something has been eaten away When the thickness of
the cortex of the third metatarsal 1s compared at the different dates,
the marked change can be noticed Because of the eating away of
the corter, the metatarsal has developed a waisthne

Tigure 32 15 another casc showing the marked demmeralization
of the bones with irregular cortical thinming 5 months after the
frostbite  The thining mav not enly occur from the outside but
also from the mside, resulting m widening of the narrow cavity
All these changes do not look in any way different from severe
osteoporosss whieh may occur i humans m cases of disuse, for
mstance, 1n a hmb that has been in a cast for several weeks Whether
the mechamsm 1s the same 1s, howeier, open to question The
pathologic studies of Dr Kulka seem to idrcate that it 1s not

The “osteoporosis’ was not visible before the first month It
became mereasingly noticeable when roentgenograms were made
of the ammals at a later date, so that of the rabbits with roentgen-
olopic exarmnations between 4 and 12 months followmg frostbite
over 75 per cent showed it

We were, of course, very anvious to find if we could see joint
changes i these ammals We did not see anythmg which was
comparable to the juxta articular changes m humans There was
enly one case which definitely showed joint changes The provmal
mterphalangeal jomt of the third toe was markedly destroyed
{Figure 83) There was marked Jocalized soft tissue swelling
present, and later ankylosis of the jomnt occurred

This looks so mnch hile a septic yoint m humans that I cannot
help but feel that it actually was a septic jomt, although the
pathologic specimens, Dr Knlka tells me, were really amazngly
free of evidence of infection Tius partrcular jomt when seen Inter
at post mortem showed ankylosts and at that time no evidence of
mfection In nome of the rabbsts did we recognize the eystic,
punched out juxta articular defects which we had found 1 hnmans

"Tu sumtririze {ne roentgendiogic appetrance m the rabbits,
there were two aspects wiuch were stnkigly different from the
human frostbite One was the high 1ncidence of new bone forma-

tion and the other was the late change of the bone wlich looked
The osteoporosis
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Ficuae 32 Development of marked osteoporosis of rabbit No 59 (4) befare
frosthite ind (B) 5 months after frosthite

Talbott Did 1t appear that as the penosteal proliferation n
creased, the osteoporosis began to appear® I did not see penosted
proliferation 1n any of your figures which you have shown o
osteoporosis

Schatzht Yes, there were a number that showed both togethe?
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Foune 33 Rabbt No 33 (A} Destru tion of o mal ntchangeal 1o nt fol
| wed I ter (B} by ankylos Ths s the only rabbt jont n wh h destruct on was
found It was not lkely aused bv infecton and not ompn able to the jont
Tanges w] ch were seen n ) man

Hedblom 1 notice a very interesting thing Did you happen to
observe 1n a greater or lesser degree i every one of them that the
toes on the outside were better preserved than the ones on the
wside?

Sclatuki 1 thmk that 1s correct

Hedblom  They would have cooled off more rapidly They
would also have warmed up more rapudly
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Schatzhy 1 talked that over with Colonel Blawr and Dr Kulha and
we have an explanation for that

Blair Dr Kulha will probably have somethmg further to sa
on it But one thing you must realize ss that the muddle two toes
stick out very far, quite a bit farther than the ones on the side
That 15 not only 1elited to thesr cold exposure but when they walk
around, so far as trauma 1s concerned, those two protruding mddle
toes probably take the brunt of the trauma to the rabbus’ feet
after cold njury

Hedblem That would explam it, perhaps

Blarr You vall also notice that they tend ta lose those particular
toes later

Hedblom Just as we get most of our destruction to the gredt
toe and the fifth toe where we have the greatest pressure and
trauma

Blair Yes, I think that 1s a fact Possibh Dr Kufha has some
other suggestions to mahe

Kulka We have wondered on the basts of arteral mection
studies, whether the blood supply to the ffth toe mught be moré
anastomotic than that of the other toes but, as yet, we cannot fe
sure The fact 1s that the fifth toe 1 the rabbut 1s less susceptible
to frosthite gangrene under the conditions of our experuments
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1s of particular interest because 1t 15 typreally focal and therefore,

difficult to explan either on the basis of a direct effect of cold on

the tissue or on the bass of 1scherma, which 1s the other pathogenie
that 1s Iy insohed .

Figure 34 shows an artenal lesion from a rabbut sacnficed §
hours after a 12-hour exposure m the freezer A segment of the
muscular media has nndergone lytic necrosis, there 15 some neutro-
phil mfltration, and a mural thrombus has begun to form over
the lesion Thrombosis of artenies was present as erly as 8» hours
after removal from the freezer

Fremont-Sruth Did you have seral sections of areas lihe thit
so that you could follow through on several segments and be quite
sure that what you have 1s farrly charactenstic of that lesion®

Kulka We have few seral sechions but from having seen Jargt
numbers of longitudinal as well as cross sections of dilferent arten
lesions, we beheve that they are segmental or focal m charetel
(Figures 55 58 and 59 on page 139)

1 should also bring out the fact that the arterial lesions are qut
wrregular 1n distrtbution We often had ta take several sechions
through a frosthutten digat to find a good example, bat we found
some evidence of focal artersal necrosts whenever the metatarsd
thermocouple had wdicated ireversible freezing, that 15, —6 ¢

In later stages, some of these lestons may take on a curious m!
lanty to the arteritis n systemic Bypersensthvity Figure 85 shows
an arterial lesion 8 days after freezing There 15 permeation of ﬂ‘;
arteria} wall by a fibrn-like matenal, lenkocytic mBltration 3
praliferation of endothehal cells

Father of two things may then happen to the artel
become thrombosed (Figine 36) or st mav undergo repat
mtmal fibrosis (Figure 87)

It mat
o r with

.
Ficune 84 Segmental artenal necrosis 8 hours after frosthite {hematoobn £
FSIEABS) Coumtesy of The. Ammed Forces Inthtute of Pathology, Walter e
Army Medical Center VWashmgton otes
Fioyre 35 Artentis 8 days after frosthite (hemataxyhin eosin stain xixc%m ot
of the Armed Forces Institute of Pathology Walter Reed Army Medica
Washington D C < s s
Ficurpe 38 Astentis with thrombosss proumnl to segion of gangrene s ol
B hematemin o s T Doy of e A Forees Jshite
Pathology Waker Reed Army Medical Center Washington, D € e fst
¢

one 37 Endartenal fibrosis and atrophy of skeletal muscle 90 days after [
f.'fc {hematoxylin-cosin stam  x100) cgunesy of the Armed Forces lasulut
Pathalogy Walter Reed Army Medic1l Center Washington D c
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15 of particnlar nterest becanse 1t 15 typieally foend 2

difficult to explun esther on the bisis of 1 duect efe

the tissue or on the basts of 1schemun which s the otl
that 1s © By mvohed

Figure 84 shows an artenal lesion from a2 rbbn
hours after a 12 hour exposure i the freezer A se
muscalar media has undergone I hic necrosss there 1s
phil mfiltriron and 2 mural thrombus has begun ¢
the lesion  Thrombosis of artenes w s present as e}
after removal from the freezer

Tremont Smuth Did you hue seral sections of a
30 that you could follow through on several segments
suxe that what you have 1s fanly charactenstic of th

Rulha We have few senal sections but from hay
numbers of longrtudinal 15 well as cross sections of &
lestons we believe that they are segmental or focs
{Figures 55 58 and 59 on page 139)

I should also bring out the fict that the arterual le a
wregular m distnbution  We often had to thhe s
through a frosthitten digit to find 2 good example o
some evidence of focal arternl necrosts whenever
thesmocouple had ndicated wreversible freezsmg

In Iater stages some of these lesions may take on
Ianty to the artentis m systemic hypesseassiity T
an artertal lesion 8 days after freezing There is pe -
artersal wall by 2 fibrin Iihe matenal lewhocytic
proliferation of endothehn! cells 3

Eather of two things m1y then happen to the |
become thrombosed (Frgure 36) or st may unde
mtimal fbrosis (Figure 37)

v

Foewe 84  Segmental asten | necros s 8 hours after frosth
stan *185) Courtesy of the Aned Forces Institute of Pl
Aamy Med cal Center Washrgton D C

Fiovme 33 Adtents 8 days after frosth te (I emaroy hu-eosn

of the Ammed Forces Insttyte of Pathology W Jter Reed A
VWahngton D C

Fioune 36 Artents wth W rombes s proumal to repan of ¢ 7
frosthy te (hematoxylin eos n stan x93) Covrtesy of the Arm s
Pathology Walter Reed Army Med onf Center Vastington
Fioome 87 Endarteral fibros s and atophy of skeletal muse!
bte (hemitovylaeosn stan x100) Co rfesy of the Am ES
Pathologv VWalter Reed An  Med c9l Center Wash ngton
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Ficune 38 | Post mortem arterfogram (banum sulphgte gelatin mass) 5 dns aftt
frostbite. The left foot was only bhtly exposed and serves as a control. Courtesy
of the Armed Forces Institute of Pathology Walter Reed Army Medicnl Center

Washington D C

you antierpated  The shin temperatures of the other six rabbats’
feet did not appear to differ sigmificantly
Crismon Did you see any reasonable amount of
of the radio-opaque material over mto the venous st
Kulke Yes but as yet we hnve no quantitatn e datt on this powt

crease of flow
de 1 these?
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[

Fiovrr 30  Post mortem artenogram (banum sulphate gelaun mass)
after frosthite_ Arternal dilatation 15 mavimal Courtesy of the Armed Foree:
of Mthology Walter Reed Army Medical Center Washmngton D C

16 duys
5 Instbite
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ficeng 40 Post mortem arteriogenm (batium sulphate gelatin mass) 59 duys after
trostl 0 Arternal dhitthon potsvs and sy susnasted wtl ncresed tortuos o
Coustesy of the Armed Forces Insttute of Pathology Waler Reed Army Mledical
Cintes Wastngton D ©
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Kulka I thmk that 1s very possible We made another obsena
tion which may have a bearing on this point  About the same time
that the arteries dilate, the gelatin mass which does not ordinanh
penetrate capillaries appears 1 the veins 1n considerable quantih
What may happen 1s mdicated 1 Figure 41, which shows an
arterrovenous anastomosis 4 days after exposurc of the ammal
There 15 an artery leading mto 2 wider vessel which has sphincter
Ithe concentratsons of smooth muscle cells sn ats wall, as you follov
this channel along it ends in a typical, thin-walled vem You will
notice that the lumen 15 at no pomt narrower than it 150 the
arteriole 1tself  Thus there appears to have been a complete artenc-
venous shunt  We were quite exated about this finding bat dis
tarbingly, the section came from one of the contsol feet Then
1 noticed that the bone m this digit was necrotie What apporently
had happened was that despite the way we msulated the contol
foot this one recened a sufficient cold exposure so that there v
marked tissue damage and also, presumably, paralysts of the arterio-
venous anastomoses

Blarr This mught answer Dr Montgomery’s presious fl””"":‘
of whether or not we see any cold iyury m the penods of hunting
m repeated hunting with supercooling  This 1s a case where \a?
could not diagnose the presence of cold npury by means °f1‘:
temperature chart, but apparently it occurred during the cool 18
phases through the foot and mn alving the bone

Montgomery The trouble 1s, Dr Kulka did not have hus themlt!:
couple at the very tip of the toe so we cannot wterpret it for “}‘l

Burton You do not interpret the opemng of shunts 8 P‘r‘n:
logic do you? They open up as a normal physiologie ﬁmcrlber
We know they are as large as 200 p, because shunts 1 Umd
areas, Barlow (2) and Boyd (3) found beads of 200 ¥ N‘:‘ "
through m the mesentery Are you mterpretmg the open™s
that shunt as indicating a patholowme condition? .

Kulka We do not know as vet I think 1t 1s gomg 1o be ¢ ?Du-i"
ttative matter There 1s evidence that m the dog’s leg WP o
per cent of the blood normally flows through arteriovenots i!\;‘ S
moses of a diemeter greater than 40 i (4), and this !"—”“‘“3 n%u;!h
even greater m the paw If 90 per cent of the hlood went hmw
such shunts, a marked change m the cienlatory patter =
result

Fremont Smuth  This would reduce penpheral rc
reduce pressure m the artery and T cannot see why this!

s1stanee and
n el
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Figere 41 Artenovenous anastomosts 4 days after frosthite Amows m lumen
mdicate direction of blood fow (hematoxylin eosm stam  x250) Courtesv of the
Armed Forces Institute of Patlology Walter Reed Army Med cal Center \ash
mgton D C

should lead to either dilatation or elongation of the artenies bick
of the shunt 1 would thmk 1} anything 1t would put less pressure
on them hecause the one wav that perpheral resistance can be
reduced 1s to dilite the arterioles or open up the shunts so I should
find 1t difficult to sce how this alone the mere opening of shunts,
would have any effect m dihting the artenial tree or clongating 1t

Shumacker In the case of the Iirger shunts of true artenos enous
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fistulas, the proximal artery charactenstically becomes dulated and
tortuous with the passage of time

Simeone By virtue of factors, as yet unknown but to which the
mereased rate of blood flow may be related exther as a cause or a
an effect

Burton 1 do not believe we understand 1t at all This 15 one of
the mystenes of hemodynamics There 15 a sumilar problem of
“post-stenotic dilatation,” and I defy anyone to explan why the
artery dilates beyond the stenosis (which must lower the pressure)
The factors which lead to chronic merease m size of vessels and
to growth of new artenes, wnd so on, are completely mystenous
at the moment I cannot see any sumple explnation for it

Montgomery Ts 1t too early to ash whether you think these
dilated, large artenies are physiologic or pathologic? We know
there 15 a wide physiologie range within which the mam arteries
can enlarge

Fremont Smith  And 1f this 15 wholly mflammatory, if there 15
biphasal dilatation to this extent, woujd 1t be physiologic m T
sponse fo the tissue damage, rather than pathologie?

Kulke 1 dont really have an answer These studies were Pr¢
hminary expenments and we are only begmmng to collect 9
tematic data

Montgomery But didnt you sqy that it does occur central to
the damaged tissue?

Kulha Tt does extend proumally, ves

Kark How far proximal®

Kulka We have not determined its proxunal boundary

Burton What does the section of the wall of these difated @
Took Ike? Does 1t show ny reconstruction of the wall?

Kulka Figure 37 shows an artery fram a 90 dav Jesion and d\e{:
1s a marked fibrous tincherung of the mtima It must hae ‘l‘}‘)‘q
an effect on the contractile function of 1 vessel fo hne St€
fibrous Iming

Horeath But Figure 41 demonstrated the lumen of the 1:C€
and this implies that the lumen of this particular artery 15 Fe¢t +

Fremont Smuth  But st seems to me this 15 exactly the w“;m
This s a_dilated artery m spite of the fact that its lumen \\0“senls
reduced by the increased intimal tissue The Tumen ¥f 1t repre!

2 dilated arters 15 larger

rteres

tery
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Kulka This 1s a cross section but the artery has collapsed post
mortem ‘The sigmficance of the fibrous tissue 1s that 1t 15 not con
tractile Once stretched, 1t would tend to remain dilated

Burton 1 think I can offer a possible explanation We have
been working recently on the elastic constants of autopsy human
artertes, and we have been trying to dissolve out specifically the
elastin or the collagen When the elastin, which 1s mostly m the
mtima 35 destroyed by using an elastmase, the artery becomes
considerably larger To me, this means that the elashc elements
are tied to the collagen elements i such a way that the latter are
pulled n When the elastic mtima 1s destroyed, the wall becomes
much larger We were astonished by thus, but 1t 15 true n every
case that we have done

A concewvable explanation would be that the cold mury had
started a degeneration of the elastic mtima (which 1s shown later
on to be replaced by fibrous tissue) This, I would think from
what we have seen, would increase the size of the artery

Kulka We have not done many elstic tissue stains as yet but
m some older lesions there was defimte destruction of internal
elastic lamellae

Kark 'What did they show early?

Kulka With Verhoeff's elastic tissue stain we found no definite
early changes We did not try the peniodic acid Schuff technique

Fremont Smuth Tt would be 1nteresting to take out some arteries
and measure therr comparative elasticity or therr volumetric give,
bath to longitudinal pull and to pumping flnd mto them, because
1t seems as though at some stage at least that 1s what has happened

Kulka The arteral dilatation, as I sad, was somewhat of a
chance finding and, as yet, we do not know how best to fit 1t mto
the picture

T would now like to discuss briefly the muscle changes Necrosis
of muscle was often patchy 1n distnibution and occurred to a varyng
extent whenever the overlymng shin had reached a temperature of
—B8°C Figure 42 shows sheletal muscle from the distal metatarsal
region 3% hours after the amimal was removed from the freezer
This partreular ammal was mjected intra artenally with India ink
but the eapillines were plugged by compacted red hlood cells and
Iittle ik penetrated

Tuhrman How long after thawing did vou inject the nk?

Kulka About 2k hours afterward It took about ene hour £
the foot to thaw completely at room temperiture after ren

r
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Ficvre 42 Shelctal mwscle 32 hours after moderately severe frostb te
Some fbers show dumtegration of the stooplasm (1 eatony] n eosm sm‘&%
Courtesy of the Armed Farces Institute ot Iathology Walter Reed Army
Center Washmgton D C

scle fibers

f of mu
rom the freezer MNote the wregular disintegration Forentull

n some mstances the 1xil sarcoplism ppers to be pre
mvolved
In regions of more severe myury coagulation necl
creased eosmophilia of the sarcopiasm and loss of nucler
{Figure 48) ed
T mught 51y that the muscle necrosis appeared to be follow o
Wlmost complete regeneration in about a year s ime Thus seque™

rosis with 1
s foun
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e 43 Sheletal mustle B days efter severe frosthie wpuny The fbers abore
the fbrous septum were further distal and s)ow coagulabon peerowss The Jess
sevendy mjuted prowmal fibers below the septam show vanmg degrees of sarco-
plimie dissntegratson { hemataxs lin cosin star, x03) Courtesy oF the Armed Forces
Tnstituts of athology Walter Keed Army \Medieal Genter Washington D €

5
0

of events ss 10 heeping with that reported followmg experimental
sschemsa an rabhit muscle {5)

Robert Lews (6} has argued agamst sschema as the mechamsm
by which such lesions are produced, since he found ransele changes
as ewly as 15 muutes after a thuty runate exposure of 2 leg 1o a
cold bath at —12°C Thus 1s much earher thn one would eypect
such chinges to occur following wschemin alone  In our evpen
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ments however, the possibihty that ischemma contributed sig
mficantly to the development of muscle necrosts cannot be dis
missed smce 1 period of decreased cireulation occurred before
freezing s well as after thawing Muscle degeneration was stll
relatively shght 2% hours after thawng

Montgomery Do you think the nucler of the sarcolemma re-form
m that muscle after necrosis of the muscle fibers stself?

Rulka Tt may depend on the mtensity of the mpury In the
Iytic type of muscle necrosis the mterstitial tissue m the muscle
wnd some of the sarcolemma nuclet scem to be preserved and $0
the regenerating muscle fibers grow back mnto ther old sheaths
In the coagulation type of necrosis which occurs with more sever®
degrees of injury T am nat sure whether or not the sarcelemma i
repared or regenerated

Montgomery I wonder if they too re form after a year

Aulke We mught now go on to discuss the bone changes The
bone lesions are of particular mterest because acute 1schem 3p-
pears to be the cause of massive osteocytic necrosis Figure 4
Mustrates a section from a metatarsal § hours after the ammal
was removed from the freezer There ss extravasation of red blood
cells focal eapillary thrombosis and some Teukocy tic dhapedes»
into the Haversian canals The capularies e not filled with com
pacted red blood cells as they 1re in most other tissues but never
theless they were penetrated poorly if at il by mtra artennally
mjected India mh

Some capillary flow must have existed after 4 b
cytic imnugration occurred between 4 and 8 hours 2fter the
was removed from the freezer

Note also that m Figure 44 the nucler of the
some vacuolation pyknosis and homogemzation of the chromatn
We are not certam whether or not those osteocy tes were deadl

} It 1s mteresting that the capillary changes Iike the artena)
changes were scgmental rather than umform mn distabubia?
Smmlar segmental lesions were also apparent 1n the vemns .

Three days after freezing most osteocy tes hive become 1)’5?&,?}"'“
the penosteal cells are begmning to proliferate (Figure 45) e
section came from the proamal portion of 2 metatarsal ¥ {;
mury was relatively mild and 1t 1s evsdent that some of the VSSmC?
cytes mmmediately beneath the periosteum ire presenfd

ours sice leuko-
antma

osteocy tes show
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Tigome, 45 Metstarsal bone 8 dws after rosthte Thece 15 Dt neerost of
but a few subpenosteal osteacytes The overlying perosteum ts hyverphslrf‘ oo
totyhin eosn stain xmez‘f Courtesy of the Armed Forces Institute of Pat
Wakter Reed Army Medical Center Washmgton

Kark Do you think that 15 1 cyst?

Aulka No the resorptine process has not progressed that far

Rark Do you think this would ~ccount for what Dr Sch?
s1w m the human subjects?

Kulta These resorptive and reparative changes may well
for some of the human roentgenologre findmgs but I hue

tzht

qccount
had no
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Fovae 47 Metatargyy Bone 16 4
Of dense p,,, Panconteal bone 30 & bone fgo b | ¥), 5 beng g frhe st 20
® W deneq revascuj.m.zed Sanals (1 CMAOY] e,
Forces Inst tyto of thology Walter
fgton p s

formeq Periostea) bone 5 alread} Compact 1, addition 4 ¢, lﬂ}h"’
of ney, bone With 1 fo, Osteoc tes g been Iy down w1thin the
widened rev’isculanzed Hmeman camals  Tpepo seems to b]"t:
real €eping substmmon the deaq bone acting as 5 templ
for Teconsry, 100 myeh like ap Atogengys bone graft It i e‘e
the d, T Iyng endosteqa] blood vessels have tndergon,

e
as

NECrosts  Ths vasculqyy T€Crosis ocours at aboyt fhe smme time
that of the bone
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Figure 48 shows 2 md-sagattal section of the termmal and mddle
o . i PR P Cay
a

a N v . ~

charaeter or thinner than 1ts normal counterpact  The normal thich-
ness of the cortical bone 55 shown m the muddle phalanx which
1s still about 90 per cent necrottc  The reconstructne processes

Fiems 49 Distal porton of toe 198 duys aftee frostbite Comeal shape and

marhed cortreal resomption of the distal phalant are shown The middle phalsny still

has rehtwely nomn proportons {hematonhnronn stam x12) Couwttesy of the
of Pathology

rmed Forees Institute Walier Reed Army Medical Center Wash
ngten D C
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1 0 more Tapudly 4, the termungy Phalany gy,

m the Proviyq) plmlanges ¢ pomnted shape ang nlmomnlb

Wide Marrgy Cavity of the termipg) Phalany 1€ apparent py

Schaty), hag demanstmted these changes md;ograplucnll) and they
© Year afte, freezin

0] Necrogyg Occurs “hene‘er there has been emg of the gof

bssue ™y extend nto the Metatargg o °ven when there 15 0o

Y

Permapep, bssye loss Three deag plmlanges and an afyaq dead
Metatargg) may f, he eleta) Support of , ﬁmchonmg digit.

Mg, PIc Joint |, ons were frcquently Dresent 1y ghe rabbuts
n the atton here p, Schatz}, ound ¢, m the hman
oent, ams, thay | > at the apy, tlar mg 18ure 49 i
Jomt 2 . F ure Ther, 'S ecrosss of the bisceral synoyyal
Membrane f th Cartilage oy the articylqy Argm, a5 ywelf g5

TOSE of the bone In enery), Cartilage ;o relinely Tesistant to
cold duceq Necrogys Some ICUI\OcyMc nfiltratroy 46 DPresent i the
{1

Frgure 50 zllustrates am artieypy, lestop, 16 days after freezing
Here fibroy tissue hog flled the defect 1, the bone ang cartilige

a
remmmng Cartilage A deposyy of brm~Izl\e matersal 15 shown
Sith th $3no ;) Ussue This fibny, Ike Mater1a] resembleq that
seen rheumahc lesiong and y 55 also foynq ™ some jomt Jumens

Kullq Figure Slis, Jomt legion 333 dys after €xposure  For
Severa] Monthg before fe!‘mlmtmn of the anmal, g Jount lached
full 1o, 10 hete 1 loss of Cartilage gy op mast of the
Jomt Surface wath rephcement by 4 TOUS pannys

1 en, s process d'”g,‘
f fre, Zing nduced bssue damage 1 its djliﬁcl
onset ang o therefore most probably ¢ Tesult of some ";ml
Mechapgp, Figure 52 show Tmal vesole from 2 reg)
o,

S an epde 1 the
Which Would all hl\ehbood have b, ™e gingrenous had
s s far from

S comple, and ; Moreoyer, no
€idence of COnnectyy o tssue necrogys apparent  Indy, '"éa';'l
Jected ingy, Arteria]yy, has Fuled ¢, Penetrate g of the superl
capxllanes, bug deep 1 the derm;s Some 1 esselg are imjected P

Figure 53 Tepresents a section through the Dproxuma] bD‘;‘]"’:Z
Ain Bingrene 4 days after freezmg The zone of demarca 1:"“. d
itensely, nfiltrateq by Reutroph, I Mast of v hyely are fragme,

anma) been oy eq to Sinpe Yet, the epde;
d
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Flouns 80 Metatarsopl alwgeal jomt 16 days alter froshite At the aroids
margm there 15 o defect Bilag by synovial connective hssue and m"j": Ll
eonds imward over the sufoce of the. enmtay g deposit of fibr g lhe mate
s present m the superfivial synoyial trssac (hematovyhn eosin stam x100)

Cent
of the Amed Fosces Tastitary of Pathology Walter Reed Army Medical Center
Washington D ¢

artery  The fbnp soahing and thrombosis of such vessels 1s PI‘I75
sible mechamism by which the gmgrene mught progress provima "
Hedblom Ys that 2 typrcal thrombosis or 1s 1t the stisis that ha
been formerly mentioned in discussions by this group?
Kulka 1t 55 g typical thrombus composed of fibnn and pre
sumably platelets
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Figure 54 on page 139 shows 1 region of early gangrene Most of
the connectine tissue 1s 1lready dend and the only fived cells with
mtact nucler seem to be those n the walls of some large blood
vessels Note the tremendous dilatation of these vessels Such v aso-
paralysis 1s rather charictenstic of 1 gangrenous region

Crismon Were you able to make out any capillaries n that region
or 1s 1t onlv Blood in hirger chnnels?
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Froupe 52 Emdennal vesicle 44 hours after sovere frosth fe Actively sregencratng
eprdermis on the Hoor of the vesicle 1s shown Intra artertally njected India ink has
faded to Pemtralc the superforal eapflanes  (hematotyln cosin stam _x159)
Courtesy of the Armed Forces Institute of Pattology Walter Reed Army Medical
Center Washington D C

Rulka The fresh blood 1s munly m larger channels The capil
lanies tend to become filled with compcted red cells which obstruct
further blood flow

Montgomery You could identify the packing of red cells m
capillanies farly carlyP

Rulka Yes By about 3% hours after removal of the ribbit from
the freezer most of the capllaries were filled with compacted red
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St

Froume 57 Proxmal botder of sbm giwngrenc 4 days ofter frustbite There ws
mtense purslent $oftration 2 the zone of demarcation \fost sesseds proxumal to
this zone are permested by a fibon bke substance Lhematovyhn-eosin stan x41}
Courtesy of the Armed Forres Invanite of Pathology Waltes Reed Army Mmbeal
Center Washngton D €

cells and did not allow wk to penetrate  In the larger vessels blood
flow tended to persist until gangrene developed

Sueet Do lnfer Pr Rulka you did not find st feanble to study
the nerves by any techmague?

Anlla We chid not hase the techmeal help to do special nerve
stams  flowever we conld see in the hematowhn eosin <tamed
shides that there was defimte nerve damage  This damzge was
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mamfested by occasional hemorrhages nto nerve sheaths, myehn
d ration, and end I as well as permeural Rbrosis

Kark Have you evaluated gronnd substance? Was there de
poly menization?

Kulhe No, we have not done much to study the ground sub
stance Dunng the prohferating stage, which begms about 8 days
after freezing, there secms to be an merease i the mtersybial
ground substance, and the basophilic material n jomnts and tendon
sheaths, but what happens to the ground substance mitially, we
have not attempted to evgluate

Hedblom  An wdea has crossed my mnd dunng Hus discussion
of pathology Can’t an axiom be lud down that the degree of
damage to vanous tissues 1s dependent almost directly on the
degree of speaalization of that tissue, ontologically speaking? The
shin 1s the first one and 1t 1s the least affected, and then there are
mesodermal tissues and the more hughly specialized the mesodermal
tissue, the more damage, there 1s the cartilge, which 15 affected
eatly, at least before hone 15 affected, and then bone s next, and
muscle next, bone 1 most greatly damaged

Kulka 1t 1s possible that tissue specializatton may have some
bearing on relatnve sensitvity to cold mury but from aur observa-
trons 1t would appear that 1t 15 of greater importance 1n govermng
regeneratne capacity and hence m determumng the relative amount
of permanent tssue damage For nstance, the epldemm 18 not
much more resistant to cold myury than bone, but regeneration of
epidernss 5 rapid and the repair of bone 1s slow

I wauld Iike to re emphasize that st1s difficult to generahze about
tssue senstraty to freezing cold, since the prinaipal mechanism
of damage may vary from one type of tissue to another For ev-
ample we believe that the necrosss of bone follows reduction
wntraosseans circulation  The evidence for this etiology 15 first,
within 8 hours after cold etposure India mh penetrates pooddy if at
all inte bone caprllries second the capillartes tend ta become <:cn:11
pressed by extray asated red blood cells and white blood cells, therd,
thromb:r develop fourth the penpheral osteoevies which have
access to an extra-osseous blood supply are less umformly damged
than deeper ones fifth, a somewhat stmilar type of bone m*mosx;
occurs provimal to gangrene m a vanety of human penphera
sascular disorders such as embolism aud thromhosts (7)

The necrosis of arterolar and arterial walls can hardly be at-
trsbuted 1o 1schemia swice the walls of artenoles and at Jeast the
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nner layers of artenes recewve thewr metabolic needs by diffusion
from the lumens and blood flow as indicated by artenography s
not sigmficantly impaired before the lesions develop  If the lesions
were a duect effect of freezing and thawing we wauld expect the
artertal v olvement to be more diffuse Thus the ongin of the
segmental vascular Jesions, which appewr within a few hours of
cold exposure vemains obscure

Finally 3t appears Bhely that the massve necrosis of connective
tissue which tahes place in gangrene 1s the result of mdirect damage
since 3t ocenrs after a delay of several days during which penod
tissue probiferation 1s evident  The pathogenic mechamsm of the
gangrene may well be complex dependmg on the cumulatn ¢ effect
of several factors Since artenal thrombosis oecurs proumal to the
regions of gangrene 1t may well be importint  Other factors con
tnbuting to Joeal 1schemia mav be the persisting capsilary stasis
and paralysis of arter s with short
of the capillary beds

Permanent tissue 1oss is the resultant of direct njury from cold
wdiret effects such as weh and hysue

Shumacher With regard to these puzzhing focal artenial lesions
do you thinh there 15 4 possibihty that they may be caused by
obstruction of the vasa vasoram?

Burton 1 was gong, to ask the same question because recently
1 was tallong to Dr Durwood Smuth of Vermont who has been
working with radiation injury to blood vessels He &nds the same
foca} character of #ts merdence  His explanation was that the vasa
vasorum are the most susceptible and it s because these Tittle
channels have been injured that this patehy focal ipury aceurs
This would agree with yous idea wouldnt 1i?

Shumacher 1 wonld think so  Certainly there is some suggestive
evidence that focal degenerative changes in arteries may be related
to tocal changes m the visa vasorum

Selfers  Are there vasa vasorum n these arteries®

Kulha 1 know of no evidence that artenes smaller than 1 mm
n drameter have vasa vasorim and even an luger artenes the
nmer portion of the medha 1s nounshed munly by diffusion directly
from the Jumen  Yet segmental lesions are present not only m the
smallest artenes but even 1 arterioles and mn hirger artenes necrosis
frequently imobves the entire thickness of the media (Figure 34)

Shumacker 1 ke the mpression that Dr Winterntzs studies
{8) led im to the conclusion that focal artenosclerotic lesuons

g
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1t should also be added that Bellom 13 14) and S\egm\md
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Bluir Deep tissue thermocouples gomng down to the bone ntself
would have been of value had we used them Bone has a very Ingh
conductivaty for cold These pertpheral bones where there 1s no
msulation ean conduct cold well baek into the metatarsal area and
m1y actually be colder than possiblv the overlymg shin which 1s
highly vascularized Ve belteve this to be true but hnve not proved
it by using thermocouples

Montgomery Has anyone directly demonstrated by photography
the penetration of a cell by the 1ce crystal®

Horvath Meryman did that » number of years ago (17)

Montgomesy And it was successfully done?

Blair That 1s nght

Montgomery Did that work demonstrate that ice crvstals per s¢
damage the tissues?

Bcehnke This was our opmion as a result of what appeared to
be Dr Merymans very conclustve work

Wi 1th reference to bone mjury isn t it true that one of the reasons
that the bone 1s injured 1s that the vessels in passing through the
bone cortex can be easily occluded because they cannot expand? In
other words the condition 15 that of a vessel that can eastly be m
jured Dr Montgomery n your miroduction you mentioned ammat
espeniments in which the amumals inhaled oxygen Would that )mg
any bearing here on the supply of oxy gen under these conditions

Montgomery I cannot guess Our expeniments are on prolonged
chilling short of freezng and we studied the tension of ovygen
i the tissue but with frozen tissue T should think our experiments
have no necessary beanng

Behnke A lot of these changes are those that occur later

Montgomery After thawmg 1 do not now if the hissue }msh a
high oxygen tension or a low one up to the pomt at which ‘15
clogging of the capillanes occurs from the cxtruded serum 1 shovl
thuk the oxygen tension would then be decreased if the tissues
still use oxygen

Behnhe These studies suggest 1 lot of therpy of vanous types
but one type of therapy could be oxygen mhalation  Did you carry
the oxy gen mhalation therapy beyond the peniod of cold exposure

Montgomery 1In the first series we carried 1t through the 8 d:?l;
of exposure We stopped then becruse that 1s about all a mb}i:? “n
stand without getting pulmonary lesions from prolonged hmhml)c
centrations of oxygen In another group of rabbnts we exposed the Ieg
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to cold water and then admunistered oxygen by inhalation for the 3
days thereafter In these we could detect no benefit from the oxygen

Behnke You stated that oxygen was no more effective than the
halation of air?

Montgomery The oxygen tension of the tissues increased to or
above the pretmmersion lev el when 1t was given during immersion 1n
8°C water Inthisseries a shght but statistically ssigmficant advantage
was gamed in delaying the effect of the smmersion foot Therapeut
cally 1t appeared to do a little good It did not prevent most of the
damage but 1t certmnly rmsed the oxygen tension markedly

Horuath The thing that wornes me about much of this work
on the freezing of tissues 1s that when we talk about cooling 1t
down to such and such temperature we only talk about cooling
the extersor down, but actually some of the mtenor tissues, for
mstance bone, may not be cooled to that extent A verv nice meas
urement has been made of temperature in the medullary canal
(18) For instance, at one pomt i the radius the temperature may
be roughty around 20°C at vartous imes whereas at another pomt
1t may be about 33°C, and there may also be that much difference
m medial temperitures That may be exaggerated at the finger
tips, so that when an area 15 cooled, there mny actually be tempera
tures 1 these phalanges which are a number of degrees below
that at the surface

Fremont Smuth You mean the internal temperitures may be
lower than the surface?

Horvath Correct Thercfore, there may be an actual destructive
effect upon the cell of the bone which 1s not evident from cursory
eximmation This may ¢xplun some of the bone damage observed
before we sce 1t n other tissues

Fremont Smuth How does the temperature get lower mside than
outside?

Horvath Tt 1s conduction, outflow, many factors There have
been several of the grad m the bone The
temperature 1n the mamrow of the bone can be quite a bit lower
than that of the surrounding tissue

Burton All of 1t cannot be lower than surrounding temperature
everywhere though at some points it can be lower, while some
other plices must be hotter than the surroundings

Fremont Smath  Yes but it cannot be lower than any surface
tissue You mean then, the surfice immedintely below 1 thought
thit was a mysterious statement
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Horvath The gradient across 15 remarkably different There
fare, when 1t 15 cooled 1t may be at a much lower temperature
50 1t may be possible to produce actual destruction of deep cells
before 1t has begun to be produced at the surface

Montgomery By reason of conduction at the tip of the bone
and by reason of the precooling of the artersovenous bach flaw?

Fremont Snuth 1 suppose, techmcally, the conjunction 15 heat
rather than cold, it 1s the heat gowng ovut rather than the cold
cormng

Horvath 1f a distinction between heat and cold can be made
1 will be very glad to have you do 1t

Fremont Snuth 1 beheve it was the absence of heat that gne
you cold, wasnt 1P

Andps 1 would not expect such n dufference i temperature
between penpheral and deep tissues because from the moment
there 1s crystallization m the penphery, the latent heat of crystl
hization could prevent further cooling of the deeper tissues so that
m the bone and the marrow the temperature is held up at the

freezing plateau " even without the occurrence of actual freezing
Do you have any evidence that there 15 some destruction in the
bone produced by crystallization?

Rulke As yet we have made no temperature studses on the bone
or any other studies thit would tell us whether or not freezmg of
the bone had aceurted Since we were mierested in studymng the
chronie effects of cold as well as the acute, we have avoude
perforating the shin to msert thermocouples because of the danger
of infection at the powmt of wserton *
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susceptible to cold and its water content 15 not comparable to that
of muscle

Horvath 1t may be related to the amount of free water and
bound water Certawmnly the bound water 1s not gomg to crystallize,
while the free water can

Fuhrman Tt may be related to the fat content, but I suspect it
15 more reated to the type of enzyme system in the cell or the
place i the cells where the enzymes are

Fremont-Snuth T wonder whether or not on rethawing, 1t might
not be found that in a complex enzyme system m which all parts
are kept fauly well in balance, one or more of the enzymes are
knocked out by the temperature and the others are not and, there
fore, there 1s an immbalance and the release of enzymatic action
which 15 ordmanly held m bnlance by inhibitors Such enzymes
then might destroy particular hssue elements, if they are released
Dr Burton spoke of enzymes that he used to destroy elastic layers
within the blood vessels I wondered whether this kind of process
could liave taken place i vivo

Burton This 1s of course a rather foreign one We use an
elastinase which 1s 1 crude trypsin 1 do not know whether there
are such enzymes occurning 1n the blood or m vessel walls normally

Horvath It 1s true that a parcular enzyme system may have 2
mmor role at one temperature but at another temperature 1t may
take over the major role and 1t may not be to the benefit of the
organism for this system to have a major role n the metabolism
of that tissue

Fremont Smuth It may be held in check primanly by an m
hubitor which may be susceptible to the temperature change and
then released

Horoath 1 beheve there 1s a lrge field of mnvestigation possible
1n these temperature relationships of different enzyme systems and
they certamly do not follow the same pattern We really know
very little of what goes on 1 this particular area

Fuhrman Figure 56 shows the oxygen consumption rates of
four different tissues after freezing for varying lengths of hm%
They were small preces of tissue, roughly about 100 mg, suspende
m about 1 ml of Ringers solutton mn an ordmarv respirometes
vessel Figure 57 shows anaerobic glycolysis

The otygen consumption wis determned on each sample at

37°C and then 1t was transferred to a bath at —25°C Al of these
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there 15 some suggestive evidence that something resembling 1t
rught oceur

Kulka Wouldn’t that depend on the degree of heat?

Fuhrman Yes, but so far as I remember from the data available
(and I think Captam Behnke knows more about 1t than I do)
mreversible changes begmn from the heat at as low as 40°C 1f you
extrapolate

Behnhe Yes, there 1s a cnitical temperatue, 44° or 45°C

Fufirman  And those changes, qualitatwvely, are mdistinguish
able from those produced by higher heat, 1sn’t that night?

Belinke Yes, the changes are wrresersible above 45°C

Crnismon How good 15 the evidence for histamine release after
cold mjury?

Kulka The ounly direct evidence that 1 know of Is the wotk
done by Loos (23), who studied the listamne content of cold
mduced blisters and found it greatly mereased

Horvath Increased over what?

Kulke Over normal blood

Fulirman German groups have claimed mereased histarmine
content of the blood and then used antihistammes after frostbite
and claimed they get less tissue loss

Hedblom Has anybody else done that?

Fuhrman Yes, there are at least two different groups who haie
used antthistarmmes So far as I know, only one group clammed to
show mereased hustamme content of the blood after frostbite, and
that was Loos (24)

That the blood histamme level mereased after frostbite was re-
ported by Ziemke (25) Studies of the mfluence of annhxstammlr‘;
on expermental frostbite have been reported by Frommel ;m
Piquet (26), Macht, Bader, and Mead (27), Zetler (28,99),
Dontenwill and Rotter (30), Dontenwall (31), Dontenwil an
Zetler (32), and Meidinger and Kolsky (83)

Crismon There wasn't any detectable Iustamme 1 the edema
fluid 1n our frosthutten rabbuts, as I recall

Fulirman Not as far as we were able to measure

Kulka The feature of frostbite lesions which 15 so difficult ml
explamn on the basis of tissue susceptibility to cold 15 the fo;ﬂ
distnbution of some forms of tssue damage For mstance, ((:
epidermal necrosis 15 not diffuse, the bottoms of the hair fulhcke
are much more resistant Yet in our preparations the entire skin
was frozen sohd
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The milder lestons of sheletal muscle are also patchy but by far
the best example of focal mvolvement 1s that of artenes I find
these changes very difficult to explam on the bans of a dmect
effect of cold on tssue enzyme systems

Burton Doesn't this correspond fo the physical picture, though?
If there 1s supercoolng, cnystalhization then begms It begus
patchily, focalls The forces which tend to cause wce crystals to
form, operate some at one place and some at another Some of the
factors are not known and some are known, such as surface tension
ifferences, and the fact that there 15 a particle to start on Char
actenstically, the freczing of a hquid 15 a focal thing, and not
general

Kulka I cannot visualize ice crystallization having the irregular
distnibution of the artenal Jesions

Montgomery Dr Burton, you are speaking spectfically about
frosthite In immersion foot there 1s also a markedly focal reaction
Wouldn't you say, Dr Kulka, since you have scen some of our
preparations, that the damage 1s about as focal as that n frosthite?

Rulka They did tend to have a patchy character

Dulirman Isn't st possible that those focal lesions are the result
of ischemic changes?

Kulka Yes, except in the artenes

Montgomery Jf the focal damage 1s caused by vascular occlusion
st must be from occlusion of very small vessels, perhaps arterioles
or smaller, since the focal damage m the muscle 1s 1n such smalt
areas Damaged areas mmv be only a fraction of @ mithmeter 1n
dameter

Burton What 1s the scale of tlus patchiness®

Vontgomery Sometimes only a few muscle fibers are ymohved
m one high power field In immursion foot resulting from pro-
longed mmerston most of the fibers are damaged

Burton What 1s the distance between this focus and the next
one?

Kulha We are wally talling about several different types of
focal lesions The smllest are those m the artenes, and the blood
vessels 1 general where a focal Jesion maght be no more than
100 v an drameter (Tigure 53)

Burtan Mow Ieg & gap to the next focus?

Aulha T cumot give you an cxact answer but in Tigure 55 the
g1p between two well defined foet 15 1n the range of two to three
times the divmeter of a focus
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Burton Ts it a matter of thausands of cells or hundreds of cells?

Horvath Or 1s it only localized 1n that one spot?

Aulha In a single cross section of an artery, 8 hours after
exposure 1t could mvolve a matter of 10 or 20 cells

Fremont Smith  And there might not be any other foci visible
m the whole field, 1sn't that right? It might be the only one i the
whole field

Kulka That 15 true of well defined focal lesions but evidence of
dmage to scattered cells wns usually present within the sime high
power field (Figure 55)

Horvath That 1s a cross sechon What about the longitudinal
section along the artery?

Kulka The arteries in Figures 58 and 59 were sectioned more
or less longitudmally

Horvath How far apart are they?

Kulha The focal lesions in Figure 58 are 1bout 100 to 200 pn
dameter and the distances between them are about 400 to 600 u

Horvath Dhd the two or three sections before or after this show
any differenbation® What do you see on sections 10 u n thichness?

Kulha Y haven't seen enough semal sections to answer your
question

Horvath You find this n a single wsolated pomt Can we deter
mume whether an artery 1s mmvohed anywhere else? Is 1t just one
local pomt? Is 1t just one arex of dimage and then no further
mjury m that same bone or that same muscle umt?

ostbite ‘The nucler m the walls of
reserved (hematoxy] n eosin stam

Fiours 54 Region of gangrene 5 days after fr
f Pathology ‘Walter Reed Armv

the engorged arteries tend to be relatively well pi
x63) Courtesy of the Armed Forces Insttute of
Med cal Center Washington [

Ficunc 55 Asterttis 8 hours after frosthite Focal intramural collection of neutro-
phils and scattered vicuolaited medual cells are stown {hematoxy in eous ; X A
x133) Courtesy of the Armed Forces Insitute of Pathology Walter Reed Arm
Medical Center Washington

Fiounz 58 Low power view of the artery depcted sn Figure 84 Amoss 1ot
to foc1 of intramural hemorrhage and necrosis (hematoxyln eosin sta ™todhea!
Courtesy of the Armed Forces Institute of Pathology Walter Reed Amv

Center Washington D G b
Ficuie 59 Segmental artentss 6 days after frostbute The spicc occupying Sbun
tike, miltrate mvolves only patt of the cwcumaference of the vewsel ‘5{"}?‘5‘%1 o
cosm stain x90) Courte y of the Armed Forces Inshtute of Pathology alte
Army Medical Center Washmgton D C
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138 Cold Inpury

Burton Is it a matter of thousands of cells or hundreds of cells®

Horvath Or 1s 1t only localized m that one spot?

Kulka In a single cross section of an artery, 8 hours after
exposure 1t could mvolve a matter of 10 or 20 cells

Fremont-Smith  And there mught not be any other foar visible
m the whole field, 1sn't that nght? It might be the only one m the
whole field

Kelha That 15 true of well defined focal lesions but evidence of
damage to scattered cells was usally present within the same Ingh
power field (Tigure 55)

Horvath That 1s a cross section What about the longitudinal
section along the artery?

Kulka The arteries m Figures 58 and 59 were sectioned more
or less longitudinally

Horvath How fr apart are they?

Kulha The focal Jesions in Figure 58 are about 100 to 200 ym
diameter and the distances between them are abont 400 to 600 v

Horvath Thd the two or three sections before or after this sho\;
any differentiation? What do you see on sections 10 y 1n thickness

Kulla I hwent seen enough sernl sections to answer yoUr
question

Horvath You find this 1n a single 1solated pont Can we deter

mmne whether an artery 15 myolved anywhere else? Is 1t )\}S!ﬂt;lgi
un

Jocnl pomt? Ts 1t just one aren of dimage and then no
myury m that same bone or that same muscle umit?

Jor m the walls of
Ficune 54 Region of gangrene 5 days after frostbite The nucl .
the engorged antenes tend 1o b rehtively well preserved (hematosylincodn 250
x63} Courtesy of the Armed Forces Institnte of Fathology alter

Medical Center Washington D € ot T
Ficure 55 Attentis 8 hours after frostbite Focal mtromural collection of n€ 7
phils and scattered vicuolited medial cells are stown (henn‘{;u’)th: ;{:;3 o
x185) Courtesy of the Armed Forces Institute of Pathology Wale

Medical Center W ashington

Fiouns 58 Low power view of the a
to foct of mtramura) hemorrhage and n
Courtesy of the Armed Forces Institute of Pal
Center Washington D o Ko
Ficone 59 Segmental arteritis 6 days after frasth te The spare-occupying f/p,
Lie milivate Tnvolves only part of he treumierense of the esel ‘ﬁ’;’,‘,‘t‘,‘"ﬁ 1o
cosm st x90) Courtesy upd\e Armed Forces Tnstitute of Fathology

Anvy Medscal Center Washmgton D

ot

tery depicted 1 Frgure 34 Amows o
hematow in eostn_stai X

“‘?f\iinoé, Walter Reed Army Med cal
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Studies i Frostbitten Rablbus 141

Aulka Tn a low power mecrascopie field there mught be two or
three other artenies though perhaps not as big as the one m ques
tion and they might not show any Jesions at all The shin and
muscle lessons tend to be Lirger and less discrete than the vaseular
fesions

Horvath What about bone?

Rulka The lesions of bone are much more diffuse

Horwath Suppose that piece of hmb that you froze was & nch
in length how many of these focal masses would you see mn that
«2mch of tissue? Or perhaps m another % mch on either side of the
wctuld stte or freezing® Would you see one 1solated mass ke this
or would you find 10 or 500? I thunk the point 15 whether or not
thts may not be just an ssolated phenomenon

Rulka In a %inch scgment of the metatarsal region which has
heen briefly frozen all the compict bone dies In addition there
will he some fat necrosts m both the marrow and the subcutaneous
tissue - Probably only one or two of the six or more major arteries
will show focal lysts of the entsre thickness of therr walls  In mast of
these arteries however there will he evidence of scattered dam
wied cells This minor damage s rapdly repared by mutotic
wtraty If the shin temperature had fallen helow the freezng
plitews to —6 C  there wonld also be patchy necrosis of skelet]
muscle Wath further cooling interfollicular necrosis of the shin
appears wd necross of the bone marrow 1s complete After a few
days gangrene will mohe this regon f the ammal has been
cxposed it ~25 C for more thwn 40 minutes after the shm tempera
ture his cooled below ~6 C

Behinke There 1s no particular problem underlying the expling
tion of the shin focal lesion For example o onimng raduition
the vty of the focal lesion there may be wshinds of epidermus
around the hair follicles which will be intact and from which
regeneration occurs The sime s true followng flash bums Tt s
a matter of degree of penctration of the heat or of the omzing
radtation

Generally with refercnce to bload vessels arent practiealls aif
lesions i 1 sense focal whether produced by sprrochetes or vanous
metibolie disturbinces® In blood vessels there are areas of damage
e wrces snowhisch ¢he Gssie is prichicdls normed for evunph
dong 1 Ing vessel like the aorts

Kulka That 1s true hut the bisis for this curious dntnbution of
vaseulir kesions has never been wdequateiy evplaned
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Rulka In a low power microscopic field there mught be two or
three other artertes though perhaps not as big s the one 1 ques
tion and they might not show any lesions at all The skin and
muscle lesions tend to be larger and less discrete thin the vasculir
lesions

Horvath What about bone?

hulka The lesions of bone are much more diffuse

Horvath Suppose that mece of limb that you froze was b mch
1n length how many of these focal masses wonld you see n that
2 mch of tissue? Or perhiips m another % inch on erther side of the
actual site or freezing? Would you see one 1solated mass fike this
or would you find 10 or 5007 I think the pomt 1s whether or not
this may not be just an 1soltted phenomenon

kulka In a % mnch segment of the metatarsal region which has
been briefly frozen 11l the comprct bone dies Tn addition there
will be some fat necrosis m both the minow md the subcutmeous
tissue  Probably only one or two ot the s1x or more major arteries
will show focal lysis of the entire thickness of thexr walls Tn most of
these arteries however there will be evidence of scattered dam
aged cells This mmor damage 1s rapidly vepared by mtotic
achvity If the skin temperature had fallen below the freezing
platean to ~6°C  there would also be pitchv necrosis of skeletal
muscle With further coolng mterfollicular necrosis of the shin
appewrs and necrosis of the bone marrow 1s complete  After a few
days gangrene will molve this region 1f the ammal has been
exposed at —25°C for more than 40 minutes fter the skin tempera
ture has cooled below —6 C

Behnke There 1s no particular problem underlying the explana
tion of the shin focal leston For example m 1omzing radittion in
the sienuty of the foc1l leston there may be sslinds of epdernus
wound the hair follicles which will be mtict and from which
regeneration occurs The stme 15 true following flish burns Tt s
@ matter of degree of penctration of the heat or of the 10mzing
rdution

Generally with reference to hlood vessels arent practically all

estons 1n 1 sensc focal whether produced by spirochetes or vanous
metabolic disturbances? Tn hlood yessels there are weas of damage
and ares an which the tissue 1s prictieally normal for example
ong 1 g vessel ke the ottt

Rulka That 1s true but the bisis for this cunous distnbubion of
saseular lestons s never been adequately explamed
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Aulka In a low power microscoprc field there might b ¢
three other arteries though perhps not as Ing vs the one 1 | o
ton and they might not show amy lesions 2t all The <k ni
miscle lestons tend to be larger and less discretc thn the v ue Tu
lesions

Horcath What about bone?

Rulka The Jesions of bone me much more diffuse

Horvath Suppose that piece of imb that you froze waus h
m length how many of these foe1l masses would you s e 1t ut
inch of tissue? Or perhaps 1n another % mch on ather nd 1t
atual site or freezing? Would you see one isolated mass The t
or would you find 10 or 5007 I think the pomt 15 whethe:
this may not be just an 1solated phenomenon

Aulla In 1 % mch segment of the metatarsal region wl 1
been briefly frozen all the compact bone dies In additi 1
will be some fat necrosts 1n both the murow and the subct t
tissue - Probably only one or two of the src or more maer
willshow focal lysis of the entire thickness of their walls In
these artenes however there will be evidence of scattere 1
aed cells This minor damage 1s rapudly repared by t
actinity 1f the shin temperature had fallen below the fie
Plteau to ~6°C  there would lso be patchy necrosis of s 1
muscle With further cooling interfolhcular necrosis of the &
ppears and necrosis of the bone marrow 1s complete After a t
s ggrene will mvolve this region if the ammal has beo

:‘tpuscd at -25°C for more than 40 minutes after the skin temper:
e has cooled helow —6°C

Belinke There 15

ton of no particular problem underlymg the explana

the v the skin focal lesion For example 1 tomizing radition n
nm\mlsmll}:) of the focal lesion there may be islainds of epidernus
Tegeng [e harr follicles which will be intact and from which
a lx’mlctr: xo? occurs The same 1s true following flash burns It 15
mdmhml; of degree of penetration of the heat or of the 1omzing

Icsi:;“:‘:“)’ with reference to blood vessels arent practicalls all
""‘hhohcqlsem? focal whether produced by spirochetes or various
i 1!('\5( lshll" bances? In Blood vessels there are areas of damage
Tong x ) m which the tissue 1s prictically normal for example
k‘: 3 g vessel like the aorta
1 c’l‘l'lx;ar ]Th“ 1s true but the basis for this curous distrbution of
esions has never been adequatels expluned



142 Cold Injury

Belnke Perhaps 1f we were working at a cntical temperature
at the time coolng was mvolved then the whole area would be
mvolved It may be a matter of degree

Burton We would agree there was a population of thresholds
of susceptibility of the different cells We mught not agree on how
wide the spread was You are working very close to the entical
pownt where the ones which are most susceptible are just hut It
rght just be this factor mght 1t not?

Kulka 1f only scattered single cells were damaged then 1t would
be understandable 1n these terms but the fact that large patches
of cells within an arterial wall are wiped out at one particular spot
I find difficult to explam on the basis of a random varation m
susceptibility of individual cells

Fuhrman Smgle cells could be susceptible and when the cell
dies something may come out of 1t and spread around but it may
not be histamme

Kulka Histamme 15 only one of many possible endogenous touns
whose release from an injured cell might mitate a local cham
reaction

Horvath  Which goes back to what I said namely that there 15
a different susceptibility of different cells and the fact that you
may see 100 cells does not mean that all of the cells died at one
trme One of them may have gone the most susceptible one and
in the next place where there 1s 1 patch or 1 gap there 15 1gain one
cell gone

Burton The critical test of this hypothesis would be to gre 1t
more cold exposure Does the mtensity of the lesion merese by
having more patches closer together or does 1t mcrease by having
the same number of patches but bigger areas? If the mmportant
factor 1s & population of susceptbility then m the colder tem
peratures when more exposure 1s given the patches should be
closer together shouldnt they?

Montgomery In mmmersion foot certamly the longer that leg
1s cooled the more frequent the foc: of dvmage and the more the
total area of the damrged tissue 15

Burton That 1s a rather critical test of the hypothesis

Aulke Unfortunately this test 1s difficult to apply 1 frostbite
because with more severe degrees of cold exposure” focal lesions
are distinguishable only up to the time when gangrene devell)l‘s1

Burton When you say up to the time” do you mewm actuy
duration of time or do vou mew that with ncreasing cold expo
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sure, the lesions remam focal until the pomt when there 15 1m-
mediate grangrene?

My suggestion 1s that the test of this hypothesis of susceptibility
of cells bemng different would be to give longer exposure, or to
lower the temperature, and then the cells that were not qute so
susceptible would fail and, therefore, the foer should now be closer
together

Fremont-Smith  There should be more of the foal

Sellers Except, there are always other processes going on at the
same time, for mstance, ke the formation of thrombi, and these
produce their own cham of events which makes 1t difficult to be

pletely logical in approaching it as you are suggesting

Burton Very similar problems have heen struggled with in
radiation biology

Kulka Under mechanical stress, flmd and corpuscles wall ev
travasate at some but not all junction pomnts between endothehial
cells as demonstrated i the Rumpel-Leede phenomenon I do
have the smpression that the blood vascular system is the shock
organ m cold mury, 1t 1s where the most sigmficant primary
damnge hes

Behnke Isn't 1t true that, with a certain degree of mjury, for
example, of the shin, the part my appear as though it were
severely damaged and require amputation nd yet under these e
ditions 1t has frequently occurred that there 15 complete regenera~
tion of the skin from, s1v, the emithehial linmg of the hur follicles?
Ilowcser, in a more sexere degree of mjury, there 13 no regeneration
of the shin under the conditions in which conneetive tissue damage
has occurred  Perhaps, with reference to the shin 1t 1s a matter of
degree of coohng and time of exposure

Kutka Some obseryations which may have a conaderable bear-
mg on this pont were made by Dr Audrey Smith (31) She found
that she could freeze an entire hamster sobid without ats geting
frostbite 1f the ammals heart had stopped dunng prelminan
bady cooling Trosthate did occur in some animals if the heart was
stll bewtng at the time that the ammal was frozen 1T would be
veny intorested an hewnng Dr Smuth comment on thes work

Ststle 1 have a It more to su about that presently, because
I hue done some more ¢xpenments smee then  If the hewt is
beating very strongh at the toue the ammal 1s immersed i the
sith 7ero bath, 1t 15 often pasable to avord that fand of frostlute
that 1 f the ammal Tis 4 realls good penpheral renlation, or
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Shumacher Captamn Behnke, you began by saymg that in some
other munes the epithelial tissue about hair follicles was preserved
because 1t was less severely mjured, 1s that correct?

Behinke Yes

Shtmacher 1 think this matter has been demonstrated tune and
agan 1 burns  Would you not agree Dr Lewis? Often a burned
area gaves the appearance that all of the shin has been destroyed
and yet 1n such cases there may be vitble cells about hair follicles
which quickly begin to grow spread and re epithelilize Faurly
Inrge arens Correctly or mcorrectly the concept has been held
that being somewhat more remote from the surface these cells
are less severely damaged This would have possible relationship
only with focal lesions m the shin but I am inelined to believe that
Captam Behnke 1s nght

Rulka We must heep m mind that we are probably dealing
with several distinet mechamsms of tissue imury The arterial
lesions may differ i their pathogencsis from those i the skin and
muscles but they highlight the problem of focal distnibution

Burtan T cannot quite understand your dificulty about the focal
mjunes It would seem to me much more stomshing 1 biology
1f you told me that all cells and all areas of blood vessel wall had
the same threshold for mjury  That there 1s usually 2 wide populy
tion of thresholds s the factor we have to cope with i nology
1snt that 50? I would hwve evpected that if the mjury 1s just mar
gmal which 1s your case here only the most susceptible cells are
n question perhaps one here and the next there and the next there
If you gae an mtensity of evposure which was great enough 1
would expect the foci to come closer together

Rark Isnt it always ke that? Consider 1 disease ke mem
brwnons lomerulonephntis there 15 usually 4 membrnous change
that 1s generiized throughout the glomerular tuft but in diseises
of reaction which people usuallv eall the collgen diseases such
as systemic lupus envthematosus there we local and focal changes
(87) What s 1t that causes loctl changes m the glomeruh
systenue lupus en thematosus and whit causes generalized changes
such as are seen m membrnous glomerulonephritis®

Hervath The factor m1y be different different suseeptibility to
1 different set of stimult

Tuhrman 1f red edls or bicteria are pliced 1t low temperature
death of a1l red cells or 1l bacterr docs not result death of s
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of them does, and if the time of exposure 15 mncreased or the tem
perature 1s lowered more of them die They do not all die at once

Fremont-Smith  Or we see the effect of antibiotics on the cul
tures of bacteria I think 1t might be fair to say that there 15 room
 what we know and can imagine around the situation, to find
plenty of possibihties for focal lesions, focal evidences of myury,
but that what we cannot do or come anywhere near domg at the
moment 15 to specify at all what 1s the specific reason for a par
ticular Amd of focal injury, and I think that the general pnnciple
of populations of susceptibilities of erther indi 1dual cells or groups
of cells or organs or tissues 1s absolutely sound

This must operate, but what we cannot do and what we shonld
do m this problem and in many others 1s to be able to specify
exactly what happens in this particular ¢1se This, I thml, takes
us to an entirely new level of discourse of precision approach We
do not know enough about what 1s occurring in most of these tisstes
n therr growth and regeneration nd development to particularize,
and this 1s the problem we are talhing about Isn't that what you
are suggesting?

Kulka Yes I certamly appreciate Dr Burton’s pomt of view
with respect to rindom vartation 1n cell susceptibiity, but addi
tion 1t 1s necessary to postulate a chan reaction which kills the
adjoiming cells

Fremont-Smuth Yes, unless the adjomng cells happen to be of
the same susceptibility

Kulks But the distrbution of these foct does not fit m with that
of any known distnbution of umiform cell populations

Burton At the nsk of laboring the obvious, I think I cn eKPL]’z
the two kinds of nephntis Imagine a population of thresh’(: h
of cells in the kidney which 1s ke a gaussian error curve, i % K‘d
the abscissa 15 the threshold intensity of stimulus” for mjury, an
the ordinate 15 the number of cells with ths threshold suscepl
bility In one kind of nephritrs the agent which causes 1t perhaps
has an ntensity so low that only 2 few of the cells will suffer fmr?
it The others will survive so there will result a patchy hmd o
lesion

But with another type of imunous agent there may be :;:,u";
tensity greater than the threshold of most of the cells, so ]
complete lesion over the whole hss}:xe ;my rfsultly “

As you are probably working with a low intens
mg ‘\)lﬂl the nI‘:'ostbxteyunIy the most susceptible cells the e
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Kulka I am not aware of any such focal cell turnover an artenes

Burton I know 1n the case of the endothelia) cells this 15 tme
The mdviduals 1n the papulation are continually changing

Fremont Smutl. When new blood vessels grow new smooth
muscle cells must grow also

Kulka But they do nat grow m focal patches

Fremont Smuth  Probably not we do not know much about the
growth of those blood vessels

Hoivath The next section which you may take may show the
distribution of those plaques of destruction to be shightly displaced
from what they are now You may find another one 1s at a corner
over 1t the next section

Rulke Right

Horvath So really 1t 15 mmpossible to say anything from thy
one figure as to the distribution of these patches all of them must
be looked at It 1s the same old process agun that a sigle cross
sectional view tells nothing unless 1t 1s Inoked at mn depth both
vertical and honzontal

Fremont Smuth [t 1s iteresting how much dissatisfaction we
have here Tt 1s obvious that many tissues do have patchy lesions
when they are miured It 1s also reasonable to thmk that there
should be a susceptibility of mjury T thunk that your dissatisfaction
1s Dr kulka that you are seeking the mechanism for the prticular
and this 1s quite clewly beyond our level of knowledge at the
present time  All we can say 1s that there we yanous things that
mught enter in nd they are probably none that we are thml\m%
of there are probably some others at the higher finer levels 0
enzyme cancellations” and so forth and this 1s the new era we
must move nto

Kulka T was hoping to stmulate someone mto bringing new
ideas to bear on such a mechanism

Rark There may be some studies that bear on 1t Wirz (8839)
n s studies looked at ice crystals m sechons of hidney tssue
while they were beimg warmed up from cold to quite warm m:\
peratures  He observed ice crystils melting at different lemP"{
tures because the crystals were bound with vanous amounts On
electrolytes and their osmolar concentrations iwere dlﬂerer;! }:e
different parts of the kidney Has anyone made any studies o I‘Is’
melting points of 1ce crystals m artery walls or other vessel w2

Behnke We wll hear nbout this later

Smuth T have not done anything on the blood vessel wall
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Kulig Tam 10t aware of any such foeap cell turngy o, 1 artereg
Burtop, I knoy, I the eage of the endothe]ml cells thyg o true
The mdmduals m the Populagy, are conlmually changmg
NE-Srnaty When, €% blood Vessely 8row, pey, Smooth
o

m
Kulkq Bug they 4, 0 grow i foca] Dateheg
Fremont—Slmt/: Probably 10, we gy not knoy, much aboyg the
8rowth of those lood Vessels
Horuat/z The next Section Whieh You
dutrzbunon Of thoge Plagues of destructmn
from what they are now - you may fing another

May take may shoy, the
be shghly displaced
One 15 gp @ corne

Ilort.at/l So, really, ; 1s Mpossiple to say anythig from thy

e figy, 1on of g, Datches, ap Of them myst

e lookeq a It th, Sime o] rocess 28am, thay 5 single crogs
15 loo,

e
Sectiong, tells nogp, 8 unless hed at gy, depth, bog
‘ertical gnq 120nta]

F, Cinone g, th s esting hoy mug; d:ssnhs[act:on we
have obvigy th, many tseyes do haye DPatehy Jesiong
When Y are Mjured S also Sonable ¢, thnl, that there
shoulq L cephbzlxkyu Mury thnk g, Sour d:ss-ntzsﬁcnon
18, Dr Ra th, 1 are ge, kmg thy Mech Or the parpieyly,
and g, qQuite arly beyop, our Jey Knowle e at the
Present All €W say )¢ that there A Vargyg things thy
Might enter m ang Te prohy, 3 none thy, Ve are thmhn};._'
of, they, are Probap), Some ofherg at the higher, finer Jeyofs o
enzym, ancellaty, 3 S0 forh, and ths 15 the ney era we
st to

Kulf, I was prmg to Stimulqge Someone nfo bnngmg new

tdeas ¢4 bear op such 5 mechan gy,

ar, T may pe S0me stug,pq that begy onit Wy, (38,39),

m hs Studies, lookeq at 1o Crystals i Sections of I\]dn(.'} tissue
lhey Were bemg Warme, up from cold o Quite vy to!;l

Peratureg He obse, ved joe Crystals mellmg at differeny lf‘mp('l;J p

tureg bec:mse the erystals Were boung with \aroys amoun:s .

eIectrolytes, and the, 0smojqp Coneentratyon, Wwere d:[fcrc? o

dllk‘fem Parts of the Iudne) s anyone made a3 studies o s

artery wals or other vessel y g,
Behnip We vy hear about g, later
Smuth ¢ huwe not dope any thing on the bloog vessel waly
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CHANGES IN CELLULAR METABOLISM
FOLLOWING EXPERIMENTAL COLD INJURY*

FREDERICK A FUHRMAN
Department o} Physialogy

Stanford Umizersity School of Medicine
Stanfora Calif

THE WORK 1 SHOULD LIKE TO DESCRIBF was done i order to clanfy
the fundamental nature of the mjury produced by freezmng We
were actually interested in some criterton of death of the cells
some mndication as to whether or not the cells were capable of re
covery after freezmg

We dectded to use, as a measure of ths, the rate of metabolism
of the cells We have thus far been measuring ovygen consump-
tion and glycolysis of the skin, as I mentioned earher, and we are
now extending this to other metabolic processes, but the matenal I
will discuss ts entirely concerned with those two ty pes of metabohism

The first matersal I wish to mention was obtamed after freezing
skt 1itro We also have information about the metabolism of
skm removed from 1njured feet of ammals within a few hours or
a few days after frostbite

This work was all done on rats because the skin from the dorsal
surface of the rat’s foot 1s an extremely satisfactory tissue for meta
boke nts When d trom rats hing under 250
grams 1t 15 thin enough for adequate oxygen diffusion Also, 1t can
be stripped off easily without very much damage We leave the
adherent subcutaneous hssue on 1t and use a strip or a square of
this skin which weighs somewhere between 50 and 100 mg, we
measure the metabolism by the usual method On the other hand,
the skin from the rabbut foot 1s too thick for adequate oxygen diffu
sion and 1t must be cut mto slices which must produce considerable
additional damage

We were first mnterested 1 attempting to quantitate the effects
of freezing on metabolism of the skin There are, m the literature,

*This mvesl eﬁam“ was carned out 1n collaboration with Geraldine ] Fu}nman
and was supported by the Medical Research and Development Board Office of !l
Surgeon Geperal Department of the Army under Contract No DA 49 007 MD 459
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154 Cold Injury

a number of isolated observations which mdicate that freezg
damnges the metabolism of tissues Some of the better obsena
tions are those of Lynen (12) i Munich who showed that liver
preparations  after they were frozen had less oxygen uptake than
when freshly prepared Sumlar observations were made 1 Arges
tina by de Robertis and Nowmsht (3) and Rodama (4) made
some other experiments At the first conference on cold myury Dr
Crismon (5) reported some observations which Dr Field had
made on shin But few of these data had been obtamned under
stnctly quantitative conditions and it was very difficult to get anv
tdet as to how much basic oxygen consumption or glycolysis or
any other metabolic function remamed m shin removed nfter frost
bite because usually the skin was put in the deep freeze and then
taken out and the metabolism was measured afterward

The method with skin was quite easy because the rate of meta
bolism of the skin from the dorsal surface of the rats foot 1s con
stant for 4 or 5 hours 1f not longer at 87°C so we could use 1
single piece of shin measure 1ts rate of metabolism mtlly at
body temperature then frecze it for any desired period of tme
mesure the rate of metabolism of the same picce of shin agun
and then express the second rate of metabolism ns a per eent of
the first for the s1me prece of tissue. So we did not have to warm
about whether to express this on 4 dry weight or wet weight basis

Table VIII shows some of these measurements on skin I do nat
have the numbers of symples but m general there arc from 1o
to 30 samples for each figure given The first one at 04°C was
done to determme whether muntunmg the tssue there for any
very long time had any very mahed effect on subsequent oxvgen
consumption and 1t was found that 1t did not The hst colomn
on the night mdicates whether or not the hssue froze In}lns case
of course 1t did not nd the oxygen consumption was 103 per EC}:"
of the ymual T suppose the expermental error 15 roughly of the
order of plus or mmus 5 or 7 per cent so essentially there 1
no change 1f the tissue 15 muntuned 2t just below 07 for Z;‘ hours
If the tissue 15 placed n 1 bath 1t ~5° or ~65°C a1 10 G an
supercooled 1t seems to be purely random whether freezug Gm’t’;
spontaneously or not at least down to —10 C so that it 15 gl
easy to mantam the tissue m 2 bath at —65°C aither frozin o
unfrozen

One can produce freczing very easily after su
ng the vessel a shup tap and at ~10°C some re
tancously and some do not Those wlnch do not Tut sup

percooling by
ssels freeze spon
ercool
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TABLE vir
Oxygen Com:umpu'nn*F of Rat Fooy Skin After Coohng In Purg

—

'[?eo, at 37?'(: after cooling 45 expressed a5 the Percentage of the Qo, gt 375°¢c
Hore cooling

can be made ¢, freeze by tapping the vessel Taple VI also shous
AN exposure 4¢ ~65°C” for 8 hours Without freezmg Agam ey
Posure for 4h, Pertod of yme for that low kempemrure Seems tg

2ve ng g ect on OYygen consumptyoy, It May decreasc 13 very
shghtl, but probably not

Then i freezmg oceurs, the third Jipe at e e oxygep
Consumption 1 decreaseq t Per cent afye, freezmg for an hour
and to 6§ pop Nt after frop, ng for g hours In othe, words ¢
a given temperatyre say ~10°c the nger the sk, s frozen, the
ower the oy, gen Consumption ), en 1t g brough, b: 37°c

The sa; thing 55 true of ny other temperatuye Here only the
data a¢ ~-25¢, PPear and gh, ate goes gy, o 18 per ent n one
hour apq 11 per cent 3 hours Ty, Amage to met, bohism by

m,
Ireezmg depends upon both ¢he time of CYposure the gep
temperature and on e temperatre 0 which the Mmateral g
frozep

The DProblem of supcrcoolmg s shown 1 Table N, which
there gre three temperatures used ~5°, 6 °, and ~10°
Bures gryer, are rates of 0% gen Consumpt;on at 8750 after
OIS evposure at the (empemmres indicateq CPressed a¢ a
Percentages of the Tates of O%ygen consumptygy, at 375°¢ beforg
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TABLE IX

Oxygen Consumption* of Rat Foot Skin After Freezing
or Supercoohng In ¥itre

Tempetatuce I Tme | Number Final Qo,
Cooled | Coaled \ of as 5% of
B (,& ' (br) r Saraples Tmitial
-5 | 3 16 98 Not frozen
~5° 3 jou 77 Frozen
~65° ! 3 ! 15 97 Not frozen
65 | a3 | 1 7| Frozen
-10° i 3 12 131 Not frozen
~10° | 3 18 66 Frozen

*The rate of ovwgen copsumption LSQo;) was determined at 875°C the same
samples were then cooled as mdicited the Qo wis then agun determned at
375°C The finil Qo 1 cxpressed 1s the per ceut of the mtal Qo

cooling The samples are separated mto those whnch froze and
those which supercooled without freezng 1t shows that of freezing
occurs the lower the temperature the Tess the recovery

But the surprising thing 1s that, with supercooling withou
mg at ~5°C and ~65°C, there 1s apparently no effect on oxygen
consumption, but at —10°C there 15 2 marked mereise I have
no 1dea what canses this and I wonld appreciate suggestions

At any rate, freezmg does, then, inhibit oxygen consumption
Glycolysis could be presented m much the same w1y. 1 hase foun
that 1t 1s dependent upon both the time and the temperature of
freezing

Since rapid warming, in my expeniments, 1s 2 quite satisfactory
means of preserving tissue after immersion frostbite, 1t w1s nterest
g to see whether rapid warming of tissue frozen in vitro had any
effect This 15 shown m Table X m which there are teo types O
exposure Table X 15 per cent recovery of oxy gen consumption an
agun, 1t 15 on the same piece of fissue ‘There are si< camg’es m
exch of these In the first lme the hssue was frozen at —10°C for
3 hours and then half of the simples, six of the samples, were
remnoved from the bith and permtted to thaw m reom aif These

t freez
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Thawing Per Cene

\/ oF1n 1)
sl 6 Air . 950 45
¢ Imo, 420 63

1 /
I
*The of ( 1S doterny g at 37 500
the respxromercrovi,s:el: 25 indicapeq 0S¢ to be
thaweg T we Oved from, the thermogga g left 1n oy and Carefully, Watched
or s gm, lhawmg At the nomeng thaw,p, [ duplcate 3ampleg Were
femoyed from g heezlng bath g g Immersed”, ) Water gy 42°C g, 23¢ mingte
1 Sampleg Were they &nrygenn!cd and the Qo, 2gan derennmcd at 375.¢ The
second Qo 4y FPressed ag g gon €0t of the gy Qo

Were Watcheq very Carefyly, and whe, they had thaweg the o,
Sampleg Were aken out ang xmmednkel) Meed at 42°
w d

and the O%Ygen con
Sumpyon Tate wyy Measure 1€ pertod of the frozen state then
10 Se twy ‘Ments

W) both of these types of freezmg ~l0c g, 3 hourg and
Tte o 0% gepy comumphon S highe, m
m n Lalre

s an ghe skin thaweq in
ar and these d;ﬂerences are shhsumlly Significany

Patible With thys DPomg of View Lovelock (6 Using roq cells
founq that pe, oly 515 Produceq by Ireezmg and thmvzng 3 3 angys
CMPertyre, could b, qmnmamely reproduceq by CPosure of
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the red cells to concentrated sodum chlonde solutions and resus
pension 1n normal sihne without freezing I think he has carmed
the work further and has shown that there are changes i the mem
brane of the red cell at feast in the lipoprotem fraction of the red
cell with exposure to hugh st concentrations and with freezing

Smuth Dr Fulirman 1t 1s the mucoprotems which dissole i
high salt concentritions at low temperatures and then are pre
cipitated out (6) The hipoprotems and phospholipids wre more
mvolved m thermnl shock (7)

Fulhrman Yes 1 was about to discuss that

I'remont Smuth  But the others were precipitated out and de
natured 1s that it?

Smuth Yes but this work has not yet been pubhshed i full
A brief account can be found m the paper on thermal shock The
protolipids break down and some of them are dissolved

Fremont Smith  And denatured?

Smuth Yes so the cells have lost 2 high proporton of the proto
Iipsds That 15 the mam action of the strong salt concentrate formed
during freezng  The lipoproteins are also imolved in the thermal
shoch part of it

Tulirman 1 thought I recalled from a paper (8) that Loselock
published on work which he wns domg on thermal shock m ¥
cells that the same mcrease m cholesterol m the supermitant
occurred with ordinary freezing as well 1s with thermal shock  Am
I correct?

Smuth Yes there 15 2 change 1n the cholesterol but less thw i
the phospholipids *

Fulirman At least we can say there 15 1 change 1 some protein
component of the cell wall apparently both with thermal shock
and with freezing  The 1dea ongmated with Moran (910)

Smuth Yes

Fuliman Actwally 1t ongmated with a botwm
before Moran (910} but the latter had evidence t
thing occurred m eggs which were frozen

Smuth And muscle It was not by any means ongmal ]
Breedis (11) and Moran (10) had thought of the sime 1dea 0",;
they had not proved 1t quantitatinely It was Lovelock who wa

e

able to prove it by precise phystochemicil methods both for th
hed

+Dr Loveloch says that Dr F rman fs right These facts e 5 "\!;53 ]

between 1954 a Tai
) Sclool e hnd 1

st considerably
hat this sort of

of course

d 1955 whle Dr Lovelock was work ng at
ectured on th s subject In the US.A without my knowledge
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Fioune 60 Effcct of ugh salt concentzption on metsbolsm and b
of tat foot skin 1 itro The medittm nsed was Ringes phosphate glucose to Wt
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Fulirman tes At least these results are consistent with the iden
that it 1s high salt concentration that 1s dumaging the cells
Smuth That 1s a very nice confirmition for Lovelock

Tulrman The neat problem was whether similar changes
metabolism occurred when the tissue was frozen i sitw on the
feet of the anfmal and here we were mterested m testing whether
the rate of metabolism immediately after thawing reached a low
level and then stiyed nt that low level duning several hours after
thawing or whether there was further decrease in metabolism with
time after thawing If the damage to mettbohsm 1s attnbutable
entirely to the presence of the hugh salt concentration or to 1ce
erystals or to something 1ssocsated with freezing and thawmng
then there should be no decline tn oxygen consumption or glycolysts
as the time after thawing 1s mereased

In the first place 2 number of control obscrvations showed that
here agam the rate of oxygen consumption and glycolysis were
dependent upon the duration of the frozen state and upon the
temperature at which the frostbite was carried out There 1s no
reason to go mto 1t to give you the exact figures for that

At the last conference Dr Crismon presented some data of mme
{12) which showed that the rate of oxygen consumption was 1n
creased 1n shin taken from frostbitten feet several days after ipury
T was not certan whether this was the resnlt of some physwologic
change or something else such as the presence of microorgamsms
since 8 or 4 days had elapsed after mpury and the shin 1n comman
with other severely frostbitten tissues must have contained qurte
a few yeasts and other microorgamisms

e attempted to ascertamn which of these was correct by treating
a group of ammals with sulfonamide locallh and with penicillm
mtramuscularly By this mens measurmg 2 days after mnjury
we never obtained rates of oxygen consumption which were higher
than 10 per cent of the mitial control rate of oxygen consumption
In other words the hugh figures which ran up to 200 or 300
per cent of the control were never obtuned when efforts were
made to prevent the presence of microorganisms Furthermore 1n
one series of experiments fortwitously I suppose the shin from the
untreated group of tmmals showed otygen consumption rates which
were wdentical with those from the ammals which had the antt
biotics  Apparently m this one group the mfection did not occur
There appered to be yeast ke orgamsms m the scrapings from
the shin of feet which had the unusually high rates of ovygen
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consumption, 5o 3t may have been because of those, but we have
not identified them

Because of these problems, we have confined our observations
recently to the first few hours after mpury where there 15 little
Ihehhood that the rate of ovygen consumption can be influenced
by the presence of bactenia or yeasts Figure 61 shows data which
have been obtamed on skin taken from frostbitten ammals at
\avious times after thawing  All these were frostbitten by immer-
sion at ~25°C for 1 mmute after freezng occurred  The oxygen
consumption 1§ given tn the apper gragh and wn thes case the foot
was thwed m air  The rate of oxygen consumption, Qo., plotted
on the left, 15 expressed on a dry weight basis Wet weight would
be nnsatisfactory because the skin 1s edematous I will return to
the nuddle graph later 1t shows the rapidly thawed apumals, and
the lower one shows glycalysts

In all cases the bar on the left 1s the control observation on the
shin of the umnjured leg The second ene marked “immed ” 1s the
ovygen consumption or glycolysis of shin taken smmediately after
thanmg, just as soon as the skin softened to the pont where at
could be removed Then, subsequent bars shaw the rates of otygen
consumption or of glycolyn» at different times 15 mmutes, 1 hour
2 hours, and 4 hours The numbers on top of these bars give the
number of animals nsed  You will see that 1n the upper graph the
ovygen conswmption 15 very greatly decreased, as previously men
tioned 1mmediately after thawing frem about 2 down to about
08 Then at later times after thawing there 15 a further decrease
n ovygen constmption unti} it reaches its Jow paint here at 2 hours
after thawing.

T should not have made the 1 hour studies because the 2 day
Qo: 15 Just a little bit Jower than the 2 hour Qo_, about 10 per cent
of the contrel, and the series would have been very mece We ran
three anvmals 2t 4 bours and obtaned rates wlich were hagher than
at 2 hours 1 have noidea why It requares more ammals to be
certaun 1f thes rate 13 actuafh hgher than at 2 hours *

At any rafe, with glycoivsts the same tlung occurs the rate at
4 hours 15 ligher thwn at 2 hours  The rate of glveolysss 1s Tower
2 hours after thawing than 1t 15 immediately after thawing In
other words the dam1ge produced hy freezing 1s parth caused
by something connected with freezmg and thawing, or thawmg

*Subsequient experiments show that both Qo- nd Q‘él are shghtlv Jower 4
houss after thuwing than 2 hours after thawmg
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ttself 1ce crystals or the high salt concentration which we think
more lhely But with time there appears ta be further damage
to the metabolism after thawing This Appears to be ischeme
damage or somethmg assocated with the circulatory change after
thawmg

The middle graph shows the effect of ripid thawing by immer
sion of the foot for one mmute at 42°C  If the muddle graph s
compired with the upper one at both time intervals shown
mediately after thawing and 1 hour after thawmg the oxypen
consumption 15 considerably higher if the tissue 15 rapadly thawed
than if it 1s permuitted to thaw m ur

One other observation which T would like to report very brefly
and which 1s not related to this 1s 1s follows Ve have been mter
ested 1 various means of modifymg the extent of tissue loss follow
mg frosthite It was reported by Hoene (13) wn Hans Selyes®
laboratory that injuring 2 rat foot by heat reduced the seventy of
damage produced by a subsequent hurn

In other words a muld burn tended to decrease the mtensity of
mjury produced by 2 subsequent more severe burn e were
wterested 1n whether frostbite worked the same way and Table
AT shows some figures on the amount of tisue loss using ths
method We dip one foot of 1n unanesthetized ammal mto a freez
ing muxture 1t ~25 C for one second after freezing oceurs 15
1s ot one sccond total exposure but we watch until the foot freezes
wat one second and take 1t ont Two days Iuter we frostl ste that
same foot by immersion at ~25°G for 1 constant period of C;
posnre after freezing and compare the tissue loss i these amma 5
wi1th the tissue loss m feet of other 1ammals which have not recett&
the previous mild myury

The first set of observations simply shows that if the ammals 1“!‘
pretreated the extent of loss 15 less than f the ammals e no!
grven this pretreatment 1 reabize that this 1 completely contrary
to experience in man

The time 1nterval 15 entical 1n burns We hwe not studrrcg it
frostbite but 1t 15 optimal at 2 days after iy iry wn the £15¢ 0F um;:

The second series of observations shows the sume thing wit
different amimals on « diff diet and of 2 dilferent s1ze (})rlﬂ’m"l
ally we felt this was probably something related to the ad r'C)n"d
50 we did this on 2 group of adrenalectormzed anuminls the th

———— 1y of
*Hang Selye Tost tute of Experimentsl Med cine and Surgery Unversty
S o Pt bl e N
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Frosthite
=25C

! Foot Joss
/ (mm})

No of Anumafs ’
——

- __(sec)

*The Dretreatimen; Conuisted of SMELsIon of ope foot 4n haud g ~25°C fop
the tima Tlecessary 1 freeze lus one second The frosthute consisted of Immersion
2t the cyne. temperarure for (ﬁe time necegsy, {0 freeze plu that ndicateq m the
table Tpe nterya} betwoen Pretreatment gy, frosthate was 2 dayg

8roup of ammals Ty, mtial mylg njury decreggeq tissue Josq after
frosthyte n these Ammals glco At the bottom of the chart 4 group
Of sham aqp, nalecto, zed animals 15 shown

Conn Was the me foot Mmersedp

Fuhrman e same foot, yes

Conn What diq You do with ¢he other footp

Flrmay 3y does not chae o S some.
thing tan.s « “au mjury

F it nad they been adrenalecto-

mez¢ s e time peon of some duratignp
Fuhmmn Yes, 1t Was 6 days These were ajf Permitteq ¢, die

Without food, to make sure they were adrena]ecmmxzed If they
d not die, they were not considered adrenalectomrzed
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We tred to replace this mild myurv  We thought perhaps i
this were stress we could replice the muld mjury with cortisone
but this did not have any effect on tissue loss

Travell What did you say was the optimum interval?

Fuhrman We did not determme 1t m frostbite but m bumns 1t
1s 2 days  After this the protection decreases with time and the
relabionship 1s a loganthmic one

Simeone What was this mterval?

Fuhrman This 1s 2 days

Simcone  What was the exposure of the tissue?

Fuhrman The imtinl exposure was freezing for one second at
—25°C_ which produces A mild erythema and a shght edema that
would be gone m one day I should say by the time this previoushy
injured foot was frostbitten (2 days after 1t had been first mjured)
it would appear to be perfectly normal I suppose there could
be chinges m the bone but we do not have any histologic
sections At any rate the volume 1s the same as it was mitially
The edemn 15 completely gone and the amount of swelling after
the second njury 15 the same 1 the control feet as 1 those with
the previous mnjury

Horvath Does the more severe mury protect just as well?

Fuhrman I did not want to get mato that because we produced
just 2 httle bit more severe myurv and then there 15 edema preser;{
at the time the second mjury 15 produced and this of course W
modify that iy sumply on the basis of size so the situation
becomes rather compheated

Stmeone You did not trv possible protection n the contralit
foot?

Fuhriman Yes the contralater1l foot rencts as a norml foot
Sollers How severe was the second mjury?
Fuhrman Exposure at —25°C for 15 seconds 30 seconds :‘

one minute after freezing The one munute exposure 15 enm\ghns

produce loss of all the digits m an untrented foot The 15 59}0:1\e
exposure produces Zoss of tips of mast of the tocs only B -
not tried the pretreatment with more severe mjunes than the ©

minute exposure the

Sellers But mn each of those three degrees of second injurv
stme results are obtuned? h

Fuhrman Yes Tmhal muld mjury reduces tissue foss m ef“;:t
c1se T should furthermore sav that we also med burning the fo

er)
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as the mmtial mpary and then frostbitng 1t, and sumbw protection
resulted It 1s a nonspecific thing of some sort

Conn How were the adrenal d anmals q the
6 days prior ta the mtial exposure?

Fulirninan  They were mamtained on one per cent salt for the
entire time  They weie actually mamntained for 3 weeks, 6 days
hefore the frosthite and 2 weeks thercalter

Kark To go back to the frst part of vour work, I recall that
Lowrv (14) has been studymg varous types of cellular resprration
m tigsues whach are frozen and then immedrately dehydrated When
these tissues are restored to Ife by thawing to room temperatures
and adding water, the respiration is not abnormal Could you or
Dr Smuth explain the difference between these findings and your
findings?

Fuhrman He did not measure the respiration of the tissue but
the activaty of individual enzymes 1t Is that correct?

Conn He has done both

Fulrman 1 have never scen the other work m which he has
measured the metabohsm of the entire tissue

Horvath 1In those experiments, the salt concentration was up
quite ligh since he dehydrates almost completely, and if this
15 at all a salt effect 1t should snfluence not only the oxygen con
sumption but also the activity of these enzvme systems

Fuhrman It 1s a matter of the salt concentration altering the
cell membrane, so thit what 15 left 15 a solution or suspension of
enzgmes You never can reduce the ovygen consamption of these
frozen tissucs to zero  You can reduce 1t to ahout 10 per cent  This
probably behaves rather ke an unfortified homogenate, so if that
were fortified and concentrated n the night way, almost normat
oxvgen comsumption aught result

Horvath Or higher than normal

Fuhrman Perhaps hugher than normal

Karh 1f the tissue 15 dehydrated, it expires 1n a manner of
speaking

Fuhrman There 15 some respiration, yes

Behshe Dr Fulrman i these tests in which the tissue was
exposed to ~10°C, under conditions of supercoohng and ice crysml
formation v as there any diff quently 1n the r

Fuhrman Yes, 1f the 1ce crystals foomed the subsequent respira-
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tion 1s dumaged or decrensed If 1ce crystals do not form at ~10°C
1t 15 actually increased

Behnle With respect to rapid rewarming and warming in room
air did you, 1 my expeniments after warmmg n room A, brng
the tissue up to 42°C and then down agamn?

Fulrman No Actually, the tissue plced at 42°C never reaches
42°C We have measurements of that It reaches about 38°C
with the duration of exposure that we use of one mmute at plus
42°C  so that the hssue 15 carried rapidly through 1 range of tem
peratures considerably below 42°C but 1t never reaches 42°C

Belinke At what temperature were the respiration expeniments?

Fuhrman At 875°C Dr Montgomery told me that he has
similar measurements of metabolism 1 immerston foot at various
times after mury that I am mterested 1 hearng about

Burton Why do you choose 375°C for shin temperitures® It
seems to me a physiologist would word that No shin 15 ever at
thit temperature 1vhy not use 34° or 33°C?

Tuhrman  Sunply because of the convenience of compuing
muscle with shin and we itend to use nerve It does not make
much difference which temperature 1s chosen, 1t 1s mamly a mat
ter of habit We have been accustomed to working on liver and
bramn and such things where 37°C 15 4 reasonably good apprev
mation If the optimum metabolism of the shin were at a temper?
ture Jower than 87°C  there would be much better reason fo us¢
2 Jower temperature butatis not The optimum rate of metahollfm
as far s oxygen consumption goes appears to be around 40°C
for the rats shin

Fremont Smuth  This 1s optimum for osygen consumphon not
optrmum necessarily for the shins happiness

Fulrman  Only oxygen cousumption

Burton That makes 1t even less logical to use 37°C

Horpath Tt might explun the 130 to 131 per cent that you ar¢
gettmg which means that vou are pushmg these to optmum
consumption

Fuhrman But those occurred after supercoofing ¢

Montgomery T am glad you used 87 5°C because 1 used 88 Uﬂer
and we can compare your results after freezing with ours &
prolonged cooling short of freczing

Burton What 15 the use of having 1 whole lot of datn that ar®
comparable 1f they ave not related to the phystology?
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Fulrman 1 have not measured 1t

Fremont Smuth This might be a very siple way of chechig
that the vaseulanty had gone back to normal 1f the shin tempera
ture wns unchanged 1t would be very easy to do

Fuhrman There 15 no obvious hyperemua at that time the two
feet ook exactly the same

Stmeone 1 reilize there 1s some controversy on the subject but
i some experiments we performed 1 couple of years ago on the
freezing of sympathectomized tissue the svmpathectomized ear of
the rabbit to be specific the sympathectomy which did improve the
arrculation through the ear as measured by shin temperature di
not protect the enr from the chimeal effects of freezmg So Twonfd
doubt that 1t was purely 1 arrculatory problem

Tremont Smuth That 1s 1 good pomnt

Montgomery That was with very mtense hrne freezing?

Sumeone  Alcabiol dry 1ce was used as the freezng bath

Montgomery Which might be quite different from borderime
wmospheric temperature fiosthite

Crismon It was the mbbits ewr?

Sumeone This was the rabbits ear

Crismon A dfficult structure to swe

Montgomery 1 think there 15 every reason to believe tha
person who 1s thoroughly warm and thoroughly well fed 15 less
subject to dimage by a given exposure to cold This 1s especialh
true when as 15 usunlly the case the cold 1s not so mtense 1s 0
threaten the tissues quickly

Belinke In line with the possibility of nonspecific reactions beng
protective T would like to call attention to the work of hflian (18]
i Germany who found that the mjection of 1 vaccme to produce
hyperthermia i the treatment of frostbite w1s far more effectne
than hyperthermia mduced by other mems You mught try some
thing like 1 vacene

Fulrman 1 have tned 1t without success but it was given after
the mury Did he gne 1t before?

Behnke No he gwve 1t afterward

Fremont Smith And then there 15 hyperthermn withm an hour
or two?

Fuhiman Yes As t matter of fact 1 cid gne it some Ed’e:d
ments a few minutes before so that the hyperthermi follow

t the
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EXPERIMENTAL IMMERSION FOOT
IN THE RABBIT

HUGH MONTGOMERY
Department of Medecute

Unrersity of Pennsyls inra School of Medwme
Philadelphst Pa

I wourp Likr To roiNT ovur first that the work we have been
domng 15 on preparations that are somewhat different from any that
have been formerly presented so fa m the conference m that they
are withm the problem of evperimental ymmersion foot This 15 not
a problem of frosthite The ammal we are using 15 the female
rabbit The leg 1s chilled for hours or day s m flovang water at 3°C
Several of us have contributed to this work Dr Qrville Horwitz,
Miss Ann Sayen Mrs Charlotte Child Mr George Perrce, and,
in the histological work Dr C G Tedeschs

It might be mteresting to start by comparng our results in expen
mental immersion foot with the results of those of you who are
making important obsers ations in frosthite but I think it would be
wiser to start with our methods and let the ssmilantties and differ
encesunfold ™ ' " o oo
tory 2 days be
shous the np
rabbit allows the left hundleg to be exposed to flowing water 1n a
pleviglass chamber at 3°C  and allows the rizht hundleg n another
chamber to be protected from the water All forr himbs can move
freely and bewr weight if the ammnl wishes but she cannot escape
The rabbits eat well 1nd ehmmate unine 1nd feces without con
tinmating the water or the box Four such devices cin be run
simultaneously 1f the water cooling 1s adequate The cold water 1s
circulited from the tank which 1s shown mn the backgronnd Cold
exposures are usually mide far times rangng from 4 to 120 hours
The ammils usually survise but an occastont! one ipparently
weakened by an ntercurrent disease dies during exposure

Firgure 63 1s presented primanly to show the relatinels low and
fluctuating temperatures of muscle and the very low subeutwneous
temperatares All temperttures are taken with small copper con
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FiGunk 67 Leg cooling apparatus

stantan thermocouples and re recorded esery 2, munutes by a
Brown potentiometer This figure spans the time betwecen the 44th
and 88th hours of exposure Body temperature and the temperature
of the muscle in the unexposed night leg are mamtuned at normal
levels The fluctuations of temperature of the chilled muscle are m
response to fluctuations m blood flow oceasioned by motion of the
leg Since this prolonged exposure to cold narcotizes the nerves of
that part of the leg that is submerged the muscles responsible for
the motion are those abote the Jevel of the cold water At pont (4)
the water was withdrawn from the leg and the temperature of the
muscle rose to that of the control leg there w1s ittle or no perm1
nent damage to the circulation of the chilled leg after the 66 hours
of exposure

Figure 64 shows that there are considerable variitions m the
degree of chilling in one and another rabbat This s true for I)::th
muscle and subeutancous space  The water temperature was 3°C
(%1°C) and the differences betw een tissue temperitore and water
tempertture are plotted 1n order to elminate the shght effect of
this v arnation 1n water temperature In the ease of the temperiture
of muscle some of the \amations between different animals mav be
by reason of shhtly different positians of the thermocouples m the
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muscles but every attempt was made to mummze this Note that
the fuctuations m temperature also vary from time to time and
from ammal to anmmal

Fremout Snuth  What does a block represent m this Digure 647

Montgomery It represents the temperature of the tissue aboe
that of the water dunng the peniod of ime given m the abscissa
In the upper graph the tissue 15 anterior il muscle m the lower
the overlymg subeutanecus tissue

Fremont Smuth What 1s the scale? Is that an degrees?

Montgemery The tallest block 15 about 8°C as 1s shown on the
markings on the ordinate to the left The greatest fluctuations hap
pened in this case also to be *x8°C It 1s important to note that the
temperature vares from rabhit to rabbit wnd does not necessarih
decrease with time A larger number of more recent expeniments do
show a tendency for the temperature of muscle to decrease with
time especially in exposures of for more than 72 hours

Several questrons have been ashed concerming the change m
oxvygen tension in chilled tissue Figure 65 shows the change m
ovygen tension m rabbit musele and subcutaneous tissue resulting
from chilhng by water 1t 3 C The supenmposed effect of mhala
tron of pure oxvgen 15 1lso shown For the measurement of changes
in oxygen tension by the polarographic method small platinum
clectrodes were pliced mn the tissue and special precautions were
taken to prevent any leah of current through the surrounding wter
As usual —06 volt was used The resuits e relatne m that they
were obtuned from the metsured changes in current bat they e
been corrected for the effect of changing temperiture In general
there 15 1 tendency for the tension of oxygen m the tisswes to de
creise n response to the cold That 1s the decrease 1 ctreulition
and the decrease m dissociation of owvgen from cold hemoglobin
outrun the decrense in met (bolism resultng from the cold This 15
not rlways the case as can be seen in thes figure When the rablnt
mhales oxygen the oxygen tension of the tissue mcrerses The de
pression of ovygen tension by the exposme to cold 1s overcome by
the effect of oxygen whalation and in most nstances the ov gen
tension nses ta vahies above those priar to expasure to cold

The inhalahon of oy gen dunng the whole cold period did httle

to prevent the path termed foot Tn one
series Iummer that m which cold was npphed for 30 haurs there
was a wm the dy With

longer perinds of cold and of axyeen whalition and with shorter
I

e
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penods hittle or no advantage was gawmed We concluded thar
Tiypova is not the man cause of expenmental immersion foot in the
rabbit and by inference probably not the mam cause m man

The whalation of oxygen durmg cold ncreased the oxygen ten
sion of the cold tissue to levels above those m the warm tissues
On occasion there was httle response but when working with these
mnute electrienl enrrents measuring something like 10 amperes
under water 15 difficult m fict this work has been more difficult
than most of the rest of our oxygen tension work and probably not
as accurate Nevertheless the over all results appear to be sound

Figure 66 shows that a number of changes take place to a stuking
degree after some 30 hours of chiling of the rabbut leg Certamly
some begin before this and more severe changes take place later
but those shown m this figure are not solely transient ones They are
not measured dunug the exposure They represent the changes
mensured after the rewarming in room air Al the following observa
tions were also mde following 2 or more hours after rewarming m
this manner

Obseivations m Figuare 86 were mide 24 wd more howrs after
completmg the exposure with the excephions referred to by the
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asterish The data are the means from studies of many rabbts, the
details bemng given n the onigmal paper (A) 11s the average num
ber of days necessary to regun ability to spread toes, 2 1s the aver
age number of days necessary to regun weight-bearing, and 3 15
the average number of days necessary to regam ability to flex foot
{B) 4 15 the per cent of non-return to normal at end of 30 days
(based only on toespread, foot fleung, and hopping) (C) 515 the
total pathologic “count ” It concerns muscle only and 1s based on an
empirtcal summation of degrees of fragmentation of fibers, edema
guant cell formation, cellular infiltration, and basophilia 0° exposure
1s functional data for these pomts that were obtamned from four
rabbits subjected to apparatus for 50 hours without exposure of
left leg to water at 3°C Pathologic ‘count’ for this pomt 1s that of
a 80 hour exposure rabbits’ average on right “unexposed” leg
Figure 67 ntroduces our more recent work on the effect of pro-
longed cold n water at 3°C upon the muscle and nerve of the leg
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of the rabbit * It 15 our first attempt to differentiate between the
effect upon the function of muscle and the effect upon the function
of nerve  We chose to study the ability of cach of these tissues to
utilize oxygen 2 or more hours after a certain length of cold expo-
sure The direct Warburg techmque was used The modified
phosphate buffer solution has been described elsewhere (1) This
figure shows the rate of oxygen uptake by two specimens of control
muscle {right leg) and by one of muscle m a leg (left leg) exposed
to 3°C water for 72 hours and rewarmed at air temperature for 2
hours The Warburg 15 run at 36°C  In this imstance the muscle
from the exposed leg was unable to utilize oxygen, the mean of si
such expersments gave a low uptake of oxygen n the muscle

Fuhrman What muscle 15 thas?

Montgomery Ths is the anterior tibial muscle

Fuhrman And sheed”

Montgomery The muscle bundles were cut lengthwise with fine
scissors to a diameter of something under a millimeter We tned
finer slices but this appeared to damage the tissue, since therr
utlization of oxygen was decreased We kept the tissue chilled from
the time that it was taken from the leg until it was placed in the
Warburg finsks at 38°C  After reading your paper, Dr Fuhrman,
on chilling during preparation (2) we were reassured concernng
the chilling part of this technigque

Figure 68 shows some mean values for oxygen uptake of muscle
and of nerve from the same leg The black columns are of the left
leg, the only leg exposed to the cold, and the open columns the
tissues from the night (control) leg The postenor tibial nerve was
used Itis a slender nerve less than 1 mm 1n diameter, and 15 about
5 em in length Sheng the nerve lengthwise did not improve ats
oxygen uptake, so 1t was used whole In the upper part of the
figure the results are shown from four ammals m which neither leg
was exposed to cold Both legs in each of these serve as controls As
n the others the uptakes of oxygen are given after 3, 1, and 2 honrs

Below these are shown the results i ammals having the left leg
(black columns) exposed for 24 hours All ammals shown m this
figure and having a leg exposed to cold were sacnficed 2 to 3 hours
after termmation of the exposure The ability for muscle to utihze
oxygen decreases with the duration of previous exposures the nene
15 much less affected

*This work was supported by a research contract between the Unnersitv of
Pennsylvama and the Office of Naval Research
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The next series of columns shows the change m weight of the
whole muscle (anterior tibal) from which the specimens were
taken At 1and 2 months after exposure the weight of the muscle
of the previously exposed leg decrenses to about half the weight of
the control by 6 months after the exposure 1t has returned to near
normal

At the bottom of the figure 1s shown the summanzed histologic
data which to 1 degree correlate with the data shown above After
Dr Tedeschi our pathologist had examined shdes of all the muscles
from winch we had taken Warburg specimens and before he koew
the results of the W arburg studies 1 ashed him to tell me which in
tis opimon had low and which had high uptakes of oxygen From
these shides he foretold the oxygen uptakes with an accuracy
which to me not a pathologist was very remwrkable

Encouraged by this T have placed what he summarzed from a
study of the histologic shides at the hottom of this figure He
spoke of 1 marked degenerative phase immedintely after and per
hnps during the exposure to cold but also ponted out that even i
the sl des made from muscle taken 3 hours after the 72 hours of
exposure there 15 already 2 beg g phase of tion This
phase 1s most active a hittle later and 15 not wholly complete [
months later In rablats the most marked histologie evidences of
inflammation were apparent within a few hours or days after the
termmation of exposure and we might have found this exudatie
response earhier had we obtamed histologic matenal during the
process of cooling The inflammatory response had decreased san;)ﬁ
what by the end of the first week and apparently had subsided ‘]
the end of the first month Judgng from this and from the chuica
(human) exudative phase described by Ungley and Blackw
(8) the exudative (snflammatory) stage in man may be more p&z
longed than that n the rabbit Our notes on the appearance r')f .
rabbit leg at vanous times nfter exposure are not sufficiently N
tuled to afford a “clinical” companson of our findings n the rab! "
with those of Ungley and Blackwood (3) in man Fmthcn‘n&)a
simple visual observition and measurements of surface tempﬂw
tures would apply to changes m skin the shin of the rabbit 15
different from that of man that we think 1t unwise to make com
parisons

With that much ntroduction I should like to show SOm‘; (’}"h:);:;
graphs that illustrate the histology These were taken at ditle
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fssue arownd the Hood yessels and nerves shows dearly small
artenes, L erms, an® c:\p\\\;\ncs are cx\gmged, ut o nE® yascuhnz?

Tigure 79,15 a0 Alustration of & specnes taken OF day

exposuTe was comp\e\ed fnthe E\posed Yeg there a5 sl droP foot

an complete ynababity [ spxead the to€s There 1% mm\\cd yacuolr
54

en! spaces
between the ‘bundles O fibers contmn fbrin and a few po\ymom\\o-
aucleat feukocy teS and ery throcyies

These evidences © amage M€ acal 1 natwre and some miere
scopic fields nearby show © et changes this focal natare of
the lesion 1% c\mractensnc of the specymens n\)\mncd at each of the
umes following exposur

Figure 73 shows 2 somewhat obhque section from muscle taken
g davs after he usuad exposure Loss of smcophs™ across whole

e5 M.

fhers m acuohzatio apy ema fPU deposits
and extravas® on perst though PET ps 0 tent The
centrally P nelet & § various § 7es e greatly Harged
and aré m\c:mwed with anerophases Fhere 13 abundwnt cellular

nfiltration petween e uscie fibers some bems pa\vmoyp\\o
puclent Jeuhoes 168 some mesench\ma\ cells and some pethPs

Tigre T4 sp a laxge dmag ). after
completioh of the weual xposuT od Perhips uch foos P
rameTsio! foot ave Jarg han thase shown Kulha 10 7650 ms
to ctadt {reeZn® pough W€ ha tned 10 € oose these ¥ ctures
s represt At e the sequenc changes h Aace Wit
the pss me after € osure, the focal nwture of the leston®
des th Auffscul Tn thus oW Y o1s Qffcult 0 Jdentifs with
certamnty Y S muscle fer 1 suPD se § these cells are
rcge“emtmp, auscle B0 ¢ K whea 1 showed dus Was
not sw ther cells ar€ ongmal e Rbers MY ade
Py macroP hges ether the too AT fibers rcgrnem\mg Tom
sareoteramy oY WS Fedesch s

Nevertheless 1 think v €W outd W apxee that most of the MBS of
cells mn this figre V€ yauscle fhers M some StRe of regcnen\mn
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ctweeh them there distine ndences of (\\)mb\nshc pm\ﬂﬂa
on though goroblasts and suoeyte® are not readily dls\mgu\s\\ed
r Te

X
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Figure 5 show$ \ ctenst app . afte’
exposure the sdle BY 100% neatly 0 S1Z€ d
shape, S show gorous regener jon fow sl see™ 1
peed TEP 4 fbrmovs petwe d fas
acles have A1sapPe and € tef ly onucieat feuh
ocytes & Als ar€ not Jence the of ik
non ha' Qecre he SPICES etween awnd al fibers it
152pPe X endo™ 1es€ thal the controd
that ther snerease ¥ nnective ussue A grmlat ¥
crease 10 © mectin € yssue v between pundies
eneral appedt? m h 1s 0n¢ of 1mpr® 55
function © the r bt s 1€ ed but three £ the si% ammals

3 thexr 1O S
amnot & mtho\og,\st 1 wish on® of you ™ ould comment on oW
m!ermem!mn of the Shdes WP o s pomt or on anvthand 1hme

haulke ank tht these changes are q\\a\mk\\ ely quite sriar
1o those 1 freennd arv 0f rabbit fect Thete 15 necrosts of uscle
and su\)seq\\cnt e ener WOT

\tontgomery wrong ¥ ete the soquenc® n
oxygen W AN the nstologt quencc" The 0 of ob-
servations were made scp\m\e\ ongm'\\\y wmd 12 wyng ©
Bring the togeth 1 e first BT

Kulhe your ¢ ermet finding® appes’ 1o fit very wetl with the

A{ontgo™ g photos p! he ant!

mmuscle ! he poster bt mer Yhe €¥PY 4 and €@ trot
egs These P c e oved ter sacnficn®, anum

one month fter v\elmg"TZ\\ urs 1d exposee Thereas th
control MV e werd of th wargh! bhat the

2000
Tuhrmatt 1s that nen € oty yarger O® the neht than the 1eft?



)

190 Cold Injury

/i
L)

&

{;t - I :.\“9'@\"?:" ro ;‘:':.'A'( - [
LN AT, -\M.\ Pt . DRI
R S Y S s A S

e,

RN e EAS o, L, ,(]
I . F s P’:'),,—; o P
LA /ﬁfvi:mﬁ\ﬁ; Sy

Fieure 75 Antenor tibwal muscle 1 month after exposure of this leg for 72 hours
to water at 3°C Cross section prerofuchsin stan 275 Extensive regeneration
resdonl demage and atrophv and collagen deposit

Montgomery The nerve of the exposed leg 1s thicker than that
of the control, and this seemed generally to be the case We did
not weigh the whole nerves because 1t did not seem feasible to
excise whole nerves or 1dentical portions of nerves Some informa
tion on this may come later from analyzing our datr on dry~wet
ratios and on rough estimates of the fat m the many specimens In
general the neives of both legs get fatter with age, but I have the
mmpression that this 1s especially true of the nerves that had been
exposed to cold

Figure 77 shows changes 2 months after enduring the usual ex
posure to cold The changes are not very different from those After
one month, except for marked fibrous thickenmng of at Jeast the
adventiia of a middle sized artery and replacement of some muscle
fibers by fat cells This figure shows extensive ares of excessne
connective tissue There are still some centrally pliced nucler pre
sumbly representing regeneration The total muscle 15 still mr;)e
phied s shown by the fact that it weighs only half as much as th
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rewarmed to normn temperature, T have measured the oy gon con
sumption vate during the fist 3 to 5 days after rewarming The
oxygen consumptien was measnured at tuo different ambient tem
peratures at 30° to 32°C where we measure the basal metabohe
rate and 4t 4 Jower ambient temperature of about 20°C

During the first 24 hours after rew wrung the oxygen consump-
tion 35 somewhat fower than normal The hasa) metabohe rate i
lower than normnl, and the chemucal thermoreguintion 15 absent
That 1s to say that the ocygen consumption ts much the same at
30° and 1t 20°C

Fremont Smith  Ave those degrees of ammal temperatuse or
em wonmental temperature?

Andjus Environmental temperatures Ammals are rewarmed and
oy gen consumption 15 measwred at normal body temperature
Dunng the first day after ton the oxygen tion 1§
fower at 30°C thn that corresponding to the basal metiolie rate
At 20°C however there 15 no werease w the ovygen consumphon
chemeal heat regulation 1s completelv absent

Fremont Saueh In other words, body temperature would fil?

Andjus That 1s nght But the net das there 1s some chemcal
heat regulition i the reammated ammal that 1, 2 difference be
tween the basal metabolic rate and the oxygen consumption med
sured at 20°C but heat production s still rat sufficrently increase
to heep the animils temperature of normd level After the thurd
day however, the basal metabohe rate 15 usully norml and at
20°C the merease m ovygen conswmption vite 1 more adeguate

Sumeone Dhd the respiratory quotient change?
Andjus Yes it did The first hours after rewarmmg the respuators
quotient 15 about 1 then 1t comes back to normal

RETERENCES

immersion foor 1iF Oxygen
t leg two hours
Ctn

1 MonteomrRy H  Expenimental
utiization by muscle and nene of the rabbit
sfter sts prolonged exposute to water at 3* C Tr Am
& Clumatol A 66, 192 {1933)
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At the outset it was thought desiable to study a sample of
veterans with nation-wide representation For this reason vascular
laboratonies were selected for this project m widely separated
centers, namely, Atlanta, Chicago, Cleveland, New Haven and
New Orleans

This kind of study has 1ts advantages and disadvantages It has
the advantage over the study upon which Colonel Blarr reported
m that a greater number of cases can be studied, a greater number
of investigators can contribute to the study, and nation wide repre
sentation can be achieved with regard to sample On the other
hand, 1t lacks the umformity of a study such as Colonel Blar’s m
which he humself exammed the fifty soldiers or veterans, mterpreted
therr answers to questions, evaluated therr subjective complamnts
and recorded the relevant physical findings all m the same manner
Undoubtedly, Colonel Blair would record the degree of pallor of
the toes with evaluation of the leg 1n the same manner for all cases
In our study, 1t would be unhkely that simlar unformuty would
exist i five separate centers even though experts m the field were
in charge Lack of umformity would be greatest where the posst
bility for subjective judgment was greatest In the prelimman
evaluation of the data, variation among centers has m fact been
apparent, but how much of a problem this will present remans 0
be seen In the case of Jaboratory data, 1anations 1n the details of
performmg the tests have undoubtedly contributed to some lack
of umformity among the centers

The data obtamed at each of the centers were recorded m codi
books for each of the veterans and submutted to Gilbert W Beebe
who with s staff assembled the data and subjected them to careful
statistical analysis The mterpretation of the data 15 not yet com
plete but some bref comments may be made regarding mformaf
tion obtamed from the Jaboratory exammation of this group o
veterans These data are not 2l my own ¥ I

The veterans studied had cold mjury of the Jower extrermities ;
most mstances both nght and left sides were affected It was foun
that the two lower extremities were so nearly 1dentical 1 degree
- - ~t Commttee on Veterans Medi!

T
Problems 5 Dr Damel € Elkin ond D
Fredenct Medine AL o Nedione

d tv of Il nots
Ghvaage Theme Ty T e e
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Simeone Jnwveraty School

Clevelwd Ohio



Cold Injury from Woild War 11 199

of mvolyement that for statistical purposes we may speak of lunbs
rather than of persons and the data e handled accordingly Much
of the data was obtamed from 1061 hmbs Of these 461 were
described as mild 444 moderately seveie and 156 severe mjures
These numbers are not wdicative of the normal occurrence m n
mjured population but were specifically selected to permut the
study of adequate samples 1n each category

The classification mto mld moderately severe and scvere cases
primarily depended upon the presence or nbsence of blisters super
ficral mecrosis and deep necrosis By deep necrosis was meant
gangrene extending beyond the thickness of the skin Thus a mmld
case would be one which had erythema and edema but which never
had bhsters superficral necrosis or deep necrosis A modertely
severe case was one which had bhsters with or without superficial
necrosls but without deep necrosis A severe case wis one which
had deep necrosis regardless of the presence or absence of blisters
and superficial necrosis There are obvious faults m this hind of
classification  For instance a veteran may hwe had severe injury
of one toe which developed deep necrosis and was amputated
tmt the remamder of the foot had little if any myjury He would
be classified as severe E: 1on at follow up 1 such a cise
mught reveal much less than 1n 1 veteran who had only moderately
severe cold myury The rate of surgical amputation m the three
groups was closely related to the severity classification 02 per cent
m the mild group 54 per cent m the moderitelv severe group
and as expected 89 1 per cent 1n the severe gioup

Montgomery That would be digital amputation would 1t not?

Simeone Yes that 1s nght The 1dea that perhaps the entena for
classification may have been reasonable 1s further supported by the
considerttion of where these 1 eterans were 4 months after the mjury
and prior to separation from the service Seventy seven per cent of
the mild cases were still m the hospital 88 per cent of the moder
ately severe cases weie still in the hospital and all of those chssified
ns severe were still in the hospital  Consistent wath the data pre
sented by Colonel Blur the more promment complaints whch were
leepmy these soldiers in the hospital at this time were these
“punful feet” i about 90 per cent of the cases hyperhidrosis in
87 per cent of them tenderness of the skin 1n nearly 75 per cent
and numbness and tinglng m 50 per cent

It may be well to explamn that these dat1 were obtaned not only
from mterviews laboritory tests and physieal examinations of the

P



S

200 Cold Injury

veterans, but also from copies of their medical records Often there
were discrepancies between the veteran’s statement and the notes
made 10 lus record The latter were generally taken to be more
nearly correct In about 40 per cent of the cases only a record study
was possible A code boollet had previously been desszned by Dr
Beebe m which could be recorded m code the numerous findmgs
m the history, physical examination and laboratory tests The
completed code booklet was readily transferred to punch cards for
the statisical analysis No difference was considered sigmficant
if, among other considerations 1t was not at P 05 level or less

Fremont-Smuth About this mde, this code, was each item gnen
equal weight?

Sumeone Yes, for the recording of data, not as an index

Fremont-Smuth  This 15 one of the difficulties that mevitably
comes 1 because 1if all items are given equal weight, obviously
they cannot have equal weight and there results an index which has
some kind of distortion m 1t, doesn’t 1t?

Simeone These coded items were not used to compute an index
but merely as a standard method for recording information which
could then easly be transferred onto punch cards

Fremont Smyth In other words, this was used for Jescriptien?

Sumeone Yes

Fremont Smuith But not for evaluation?

Suncone When we came to evaluation, 1t was a chmeal evalua
tion based upon the data obtamed 1n each case, but 1t did not de
pend upon the anthmetic of the code numbers a

1 should Dike to desenbe to you bnefly the smpressions gameu
from four of the laboratory tests used m this study, plethysmog:
raphy, capillary microscopy, temperature reactions of the skin
and ergometry The data were obtamed from yeterans such as are
illustrated n the following figures h

The case shown m (Figure 79) was considered 2 mild one tei
picture shows the feet after having been elevated for 5 mm\:J
with the leg at an angle of 30 degrees from the honzontal T \[‘0 p
consider this as showing no pallor, others might code the color
shight pallor This 15 one exarnple of possible center vanaton e

The plantar aspect of the same foot (Figure 80) ﬂluslrafﬁs ds
calluses which are common m these men over the metatarsal fenthe
Note the dehcate skin undermenth the proumal phalant O han
second toes This 15 the area which 1s Iikely to perspire more &
normally, to macerate, and to fissure
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In the depe; dent Positig Figure 81) the Same fog xllustrates
what 1 shoulq consider shght CYanosg others ight dLngree

Temont Sz, Woulq this epend upg, the €xterna) €Mirpy
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e

es €l erp SYMptom He “as ap orh
Frgure 87 shows the SUme subyecy With the feet 1, the dependent

PLET"YS\I()CHAPH\

€ Burcl, Winsor (1) digaty) pleth;smograph WIS uged The
datg Vere collected malyzeq shnsnmllv and submmed to Dy
n C I
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for dage, bing an, mrarprctmg them Since both hmbs ©re nearfy
nayg, hed the mun ), SC \ ¢ ould e
3 theyr o, Controlg Hm\e\er 3 Previoys g, dv of Yeterapg

n who meurreq “ounds of e a n
Stderqpy leth O8raphie g, €1¢ ohtaiyeq Igits
Pirable e, Pulatioy 1y W d as oo, rols vg), which

the gy fi who hyg meury 1 colg could b com
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pared Dr Burch md Dr Ray found that when the absolute valu
obtamed from <eterans who had mewrred cold inury were con
pared with those from normal subjects under the different cond
tons tested no statistieally signifiewnt differences could be foun
between the two groups
Fremont Smuth Were they pot under v stress conditons?
Smmeone Yes the stress conditions” were as follows Measure
ments of the size of the pnlse wave were made m 2 comfortabl
envsroument of 24° to 26°C and recorded as cubie milhmeters pe
5 milhhters of part as described by Burch {1}
Montgomery Were these patients lymg flat?
Suncone They were lymg flat The toe was approvimately at th
level of the nght tuncle
The ambrent tempesature was then changed to from 90° to 95 F
hot room  nd sumilar measurements were recorded after an hau
n such an environment Agun when these findings were compared
with those obtamed n the controls no sttistically sigmbioan!
difference was found The 1eterins were then exposed to a cold
environment (65 to 70°F ) The low pulse volumes at this Jow
umbient temperature did not differ from the controls In addition
after having stibibized 1t these temperatures reflex vasodlatation
was nduced by the method of Gibbon and Landis (2) and ‘“o‘!
dilatation was lso mndaced by procaine block of the posterior "‘"{é
nenve The change in pulse volumes between the values in the cﬂd
room and those after reflex vasodilatation and after nerve block &
not dffer sigmficantly from the values obtuned i the normal Cm:1
trols The lach of heterogeneity hetween the control group ﬂnd
the seterins who had meurred cold wnjury could easily be cwse
by center varation in the detuls of performing the tests and there
fore m the dat: obtuned One cinnot say therefore that of dDh“?
under truly 1dentyca] conditions m 1l centers the plethy smograptic
datn would not have been discrimmative
Fremont Smith Was the rate of change measured?
Stmeone No the rate of change was not measared Nor ur;r?fr:
tunately was the rate of change studied 1n the tests of temper? u
rections n the skin
Blair Do you have any record on how many of the
hwe had sympathectormes?
Juded from the
Suncone  Svimpathectorzed patients are exelo torans
comparisons mentioned T was not going to talk abont the 1e

pauents mu



Fioume 81

Fictee 78
auld anmn

Prevm 80
Fuuns §1

Fievne §2

Eiceae 80
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Yeet bte after 108 wpny  elevated and essentiafly normal m culor
Same sublect as a0 Frgage 79 s formation i shown

Same subject as i Figare 79 with kgs dependent shght ¢vanous s
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these 15 formation of wathes and hvpurbmiross
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Ficune 84

Ficure 88 Ficure 87

]i‘lrum: 84  Moderately severe cold mjury, feet elevated, desquamation of sk 15
shown

Ficure 85  Same subject as i Figure 84 feet dependent, cyanosis 1s shown

Ficure 88  Subject after severe cold myury, legs elesated some of toes amputated
abnormahty of nasls and formation of calluses and fissures are shown

Ficure 87 Same subjeet 15 1n Figure 86 with legs dependent cyanosis 15 shown
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with sympthectomy t all In actuil numbers perhaps some sixty
veterans had had sy mpathectomy Attempts to correlate the plethys
mographic findings with the type of cold mjury the seventy of the
mpury nd other charactenstics proved unsuccessful

CAPILLARY MICROSCOPY

Capillary microscopy also proved disappomting as a means of
charactenizmg cold mjury Capillwnes were exammed m the nai
fold of the toe a fraction of a mll P 1 to the fied
edge on the nail and were photogriphed While techniques have
been descbed for digrtal capillary mecroscopy and photographs
of capillaries in the nail folds of the fingers have been published
we had not éncountered photographs of capillartes in the nail folds
of the toes A 1 It d was used with an
Ultropak Jens and a Leict Micro Ibso attachment Cedar ol or
mineral o1l was used on the shin in contact with the lens The
capillary loops were observed and described by means of a 6 volt
lamp Selected fields were photographed by means of a strobo
scopic flash The most distal bank of capillanies was usually studted
nd photographed because these could be observed lengthwise
mstead of on end

These are examples of the photographs that were obtuned
(Figures 88 91) Represented m Tigure 88 are essentially normal
capllary loops  One loop 1s shown which we thought iHlustrated
shght widening of 1ts venous end In Figure 89 e shown capillines
before (A) and after (B) posterior tilnal nerve block with 1 per
cent procame The capillaries become more prommnent and easier
to see and to photogrrph but thur general morphology remains
unchwinged Venous occlusion 1lso made the capillaries vppear mare
promiment but the gross morphology remamed unchanged Dia
grammatically the following types of capillanes were seen (Figure
90} Normal hurpm loops we represented 1n (4) Some seemed
to cross hut 1t 15 not possible to be certam that the hmbs of the
loop were not being seen sidewise and m fict were not crossing
We considered unusually Jirge loops an 2bnormality { gt loops™
m {B)] Some loops with cross connections we thought were ab
rormil and very fine tenuous loops ( fibnls”) were nterpreted as
bemg newly formed capillaries but this was onls an impression

ome loops turned and twisted formed clover leaves wd re
sembled glomerul (€Y and (D) These hist were thought to be
the most Abnormat
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Ficune g9 Caplary loops before and after block of posterior b | pepye
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MORPHOLOGIC TYPES
/T
1 NORMAL 7 NORMAL 3 FIBNL 4 GIANT  § DUDGED
HAIRPIN TWISTED

10 SPIRAL

4 TWISTED 7 WIFID 8 HOOKED t CLOYERLEAF

Freure 90 Vaneties of capillaey morphology
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Fremons Sy Would YOU say thay the &rossest things aboyt
those abnor,) ones s thay they are Yery much longerp

Lremony Smuey, €Y hae ¢ tWist ang Contort because if they
are Somg o beccme longer by the Same tolep they are 8oing ¢,
twist

Simeon, Figure 91 show some Capilar, loops that are Within
ROrmal Limygs Here 15 show Segmentaton of the Colump of blogd
nd ),

Withy pillary Toop If ang are collegy, B8 venuleg
across the
In the Cley lan ter we tudied Orty erghe Clerans 1 this
Manpg, ety six extre, 1es T nat, ppemmces of
the apillaries ded M Norma] severe}, abnormy,)
Wi e Ngs were related 4, CVerity € chinca]
Status g4 ¢ )} J Seventy of th 1] Ty thepe was
28 h: 1ghly bnormal ]y, ‘ere founq more
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studed dwdual of ] Same ge gro; (18 feet)
and y ¢y, raged ¢o find 5 highy Proportion of I ghly abnorm,)
Sapillary §, © nayl fo], of 2 ent], ) Te
OTe 1n the ab, adequate nformayy,, h, dntnbutzon of
h il N the nqy folds 1t v
Possible 4, establyg), reltigy hp n Cipilhry mor
h logy and €¥ste; eIty of copy
{R0men, as!)consmctmn nd \asodﬂahhon dudn ¢ change
they fotq] j, D shapep
Stmeon, norm,j mdlndu'lls?
fLom{-r[/ es
Simeone They g,q change with Dosteryo, tthia] nerve bloep The
loops Ppeared dilateg fter the nsoconsmotor Prah g They
Were oy Prompeny d eqge, to p), tograph
! gon id nof chang, e toty) loop shapen
heone N " genera] p, Jomy did tchangc The
falyre to corre]. te cloayy, the imusy,y Cipillgy g, Ths he Dpres
¢ of ¢o, My ang ts seventy was g 1ppomhng PDSSII)I)
Unhke the nail fol gy of th, ingers f ¢ S normaJy, con
fun syep, b pilfany g, A Stbects

! " POssIbL o, 1
2 hayg had SOMe myyry to they, toes 1 YeIrs pagt whethe, s the
Cr tranm

TCmong Sungy, Are ther, ™ datq o toes of haldrons
Simeone Not thyg Tam 4y re of
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SKIN TEMPERATURE

Dr Willam W L Glenn mterpreted the data obtamed from
studies of the skin temperature The tests were conducted as they
were for plethysmography In fact they were usually done at the
same tume Lor normal controls the dat1 obtamned from the examina
tions of normal limbs n yeterans who had inenrred artenal mjuries
were used It was found that when the subjects were exposed to a
cold enviconment the shin of those with cold mnjury cooled much
more slowly than that of normtl Iimbs This 1s remimiscent of the
toes of mdiiduals with vascular disease other than cold injury
They often cool more slowly than normal subjects

Montgomery Yow cold was the emvionment and how long
were they exposed to 1t?

Simeone For 60 minutes for the most part at temperatures of
69" to 69°F Some may have been studied at temperatures as ngh
1s 72°F and some as low as 65°F

Tremont Smuth They cool more slowly

Stmeone They cool sigmificantly mose slowly that s nghe

Blar How much clotlung did thes have on?

Simeone A lom cloth

Blasr No meal?

Stmeone Insofar as possible these tests were done m the morming
1 a fasting state but I doubt that all of them were

Vontgomery Naide and Sayen (3) 10 our labortory have found
that the fingertips of half of the norm1l subjects 1 1 room at 63°T
(20°C ) cool to T7°F (25°C ) In general more severe visocon
striction occurs m toes

Simeone This 1s 60 munutes though

Horvath Toes ordinanly cool a Iittle fister than hands

Steone Dr Glenn stadied still another test of the behior of
the temperature of the shin

Fremont Smuth  One pomnt might be mentioned there 1 sup
pose certanly with the normal subjects the more wvious they
were the more rapudly thes would cool T hnow this 1s true of the
hand and 1 assume 1t 15 true of the toes also perhaps to 1 lesser
degree 1 do not know 1f anyone cen corroborate that or not  This
w1s shown by Mittelmann and Wollf (4) and thev precitated

sharp drops 1n shin temperatwre by disenssing wth the subject
anttety provokng situttions  Thev were able to obtam \1socon
striction n 1 room that was less cool if there wis an anuehy
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provol\mg dxscuss:on M some of the g, lects even the Presence
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Simeone That is nght

Fremont Smith  So  this means they rose that much? They
reached a height of mcrease of that much?

Stmeone That s nght These two indices describing the behavior
of the temperature of the skin are probably the most sigmficant
with regard to differentiating the normal from the myured and even
the different degrees of mjury If you are mterested the following
are the absolute mean values reached not the rises from basal by
the subjects with mild moderately severe and severe mjumes
respectnely 834° 827° and 288°C The differences between
these two groups are significant at the P< 05 level

Horvath That 1s between the mild and the severe?

Simeone Between the mild moderately severe and severe

Hortath That 1s each one of those have that level of signifi
cance?

Suncone Yes

Montgomery The myured oncs then have only a moderate
capaaity for vasodilatation?

Suneone The following figures represent the differences between
the temperature of the shin at maumal vasodilatation and that at
basal vasoconstriction 1n the cold room The mean differences were
99%° 83 and46°C respectively for the imtinlly mild moderately
severe and severc cases In 1 one tailed test of sigmficance these
figures were sigmficant at the P01 level

Shumacher What about the normal subjects do you have those
Rgures?

Simeone 1 can ewve them

Montgomery The normal temperature of the toe dunng vaso
dilatation would be about 32°C in a 20°C (68°F } room

Stmeone The mean normal 1n our group would be 1bout 33°C
for maamal vasodilatation

Montgomery They have some vasomotor paralysis and also some
reduction n capacity for blood flow? So full vasoconstrction does
not occur and full flows durmg vasodilatation do not occur®

Stmcone  The mean temperatuse reached 1 the cold room by
the veterans wath cold mjury was 235°C  The normal controls
reached 1 mean temperature of 2153°C  The difference Letween
these actual values was not statistically sigmficint

Burton So Dr Montgomers s queshion was that these patients
when put in 2 cold room did not constriet as much 15 a normal
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subject, and when put in a warm room did not dilate as much as
a normal subject, 1s that true?

Stmeene Yes, that is nght

Burton What was the level that the normal subjects seached in
dilatation, as i nerve block or full reflex dilatation?

Montgomery Tt was 32

Sumeone The mean level reached by the normal controls after
nene bloch was 335°C

Fremont-Smuth  Almost the same as the mild

Montgomery And once more the room temperature tn Centt
grade and given in Fahrenhert?

Swmeone  About 20° or 21°C, on the average

Montgomery Do you conclude that the more severe ones have
more arterial ocelusion? I think 1t 1s farr to conclude that wsntt?

Stmeone Possibly, but T am not sure The most mteresting thing
about these subjects actually was the difference between the cumu-
lative percentage curves m the two groups, normal and mjured
{Figure 92)

100

[
g &
£
£ 8
< b 15
n B

I8
g =k
P
5 .
8 g Normal
g E . A\ Cotd Tajury
i
£ 2
£ &
< {2 -
8 &
E ®

] »
v &

s 10 15 £ E:

INCREMENTS OF TEMPERATURE
{in Degrees Centigrade}
+ et
Ficure 92
of temperatur
temperature ¢



Cold Injury from World War 11 215

Horvath There 1s a better way of plotting these two curves A
cumulatwe frequency plot on a log basis cn be used I think of the
plot 1s on 2 log basis the curves would have been shown to be
simufar It looks as though there are five pomts which are on the
verge of bemg statistically questionable s to occurrence of any
real difference

Simeone 1 cannot answer the pomt ratsed offhind except to say
that these data have been subjected to very rigorous scrutiny from
the statistical point of view

Horwath  Certunly there would have been 1 potential value in
determining the equilibrium tempernture Did they ever attamn an
equltbrium temperature?

Simeone Escntvally they do come down in the cold room if hept
there long enongh but the normil subjects come down much
more quickly than these with cold mury Dr Willinm Glenn sug
gested that our yeterans with cold 1pjury even this long after ex
posure may hive some element of deficiency m sympathetic vaso
motor contro) not a sympathehe paralysss but an msufficency

Montgomery Includmg perhaps some damage to vasodilator
fibers 1f there are s asodifator fibers to the skin of human Tunbs and
7 shght degree of artenal occlusion?

Simeone Yes possibly although the custence of visodilator
fibers m the shan of the human extrennty 1s senously guestioned

Fremont Smith And there 35 also the element of perspining to be
considered which will add to the drop i temperature and will
vary with the hene d not just temy but
moisture eonditions of the room

Simeone Yes

Fremont Smuth - Amy movement of air which will cause more
ripid ex aporation 15 1 factor to be considered

Suncone At movement 15 wnother vanable n our studies Tt was
hoped that Wl our constant temperature rooms would he nearly
entieal but actually there wis vanation from center to center

Stmacker Dr Simeone certamly 1 spite of the vanables vou
mentioned tt e difference between n average rise with nerve block
0284 C n the severely myured group nd to 335°C 1n the muldh
wjured and 1 normal subjeets must be sigmficant Nerve blocks
hue been done by so mam 1 estigators for such a long penod of
time that we know quite well that 1 nse to this level does oceur
normally and it mist he sizmificant that the dimts of the scyerely
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miured group failed to veach thns temperature fter nere bloch
even if the basal atmosphenc conditions were not ways precisely
the same

Simeone Yes that is true

Montgomery 1f thus difference 15 the rule 1t 15 an mportant ob
servation This 1s 2 Targe difference i blood flow In a room tem
perature of 23°C the flow 1s some four or five hundred per cent
greater m 1 toe that has t skin temperature of 33°C than m one
having 2 shin temperature of 28°C

Suncone Yes and espectally at that Jevel of temperatuee

Burton 1 suppose it was not practical but 1t does seem to me a
pity that while you had these plethy smagraphs and fitted them up
you did not do venous occluston plethysmography Obusously
there must have been very large duferences m the blood flows
though this did not show up m the size of pulsation (which 15 not
surprising )

Simeone Yes we do regret that rates of blood flaw by the venons
occlusion method were not recorded 1n these cases

ERCOMFTRY

The value of ergometry i studhes such as thus 1s auother con
troversial matter Each of the centers bualt an ergometer from the
same basie plan but with mevitable mmor vanations There was
some center vanation therefore but surpnsmgly not s much as 1
thonght there would be The ergometer consisted simply of a e
gatlon carbuy fitted with a stopper through which passed tno tubes
one connected to a mercury manometer nd the other to a rubber
bulb The rubber bulb was attached to a frame m such 1 manner
that an overlymg pedal could compress it To the pedal and frime
were attached electric contacts which closed a crewt contammng 2
Iight bulb when the rubber bhulb was completels comprcsscb
Approprate valves permutted the passage of air onhy from th}:’ r;b A
ber bulb to the carboy The subject sat i a chair of such a efm
that the distal part of the thigh did not rest on the chaw ; 3
fulerum on which the bulb compressing pedal rocked was mn 1ne
with the ankle jomt It was felt that most of the work was ac?o:;
phished by the c1lf muscles and the mtnnsic muscles of the :tus
The quadriceps and hamstrings stabilized the hoee 17:16 C;PP“’C' bt
was set up 5o that on a revolyng drum werse recorde tclle ::’ e
strokes completion of each stroke the pressure de\clo]p ,n! o
manometer the tme and signals referable to the devel Omepsred
discamfort and fitigue In this manner the myured Jeg was
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and compared with the performance of the umnjured leg When
the hands were tested the rubber bulb was compressed m the hand
instead of by the pedal With each compression 30 ml of air were
forced into the carboy The rate of compression was controlled by
a metronome and w1s hept constant We were interested 1n record
mg the total pressures developed the duration of the exercise and
the time of development of fahgue and of the symptoms which
forced the subject to abandon the exercise  As a matter of fact 1
believe we got the 1deas for constructing thus type of ergograph
from Dr Shumacker

Shumacher We used 1 sumlar apparatus during World War 11
m order to study fatigue i the upper estremitics

Simeone We used the apparatus 1n the veterans with arterial
wounds to test the injured hmb aganst the normal one In the
veterans with cold mjury both hmbs were affected so that the
subject conld not serve as s own control We nsed as control
therefore the data from the normn) limbs 1n the artenal njury
study the populations bemng simlar except for the type of injury

Montgomery Where 1s the pressure of air in the bulb during
compression and 1, the patient sithing or standing?

Stmeone  The subject does the test m the sittng positson The
pressures develaped vaned considerably but i the veterans they
averaged about 650 mm Hg for the umnjured leg and about 250 mm
Hg for the uninpured hand

Tremont Smitlh What was your end point when he stopped?

Stmeone When he could go no further because of discomfort

Fremont Smith - And that was lus statement?

Stmeone That 1s nght he gave up

Tremont Smuth Dhd he give up beeanse of pam or just ginve up?

Smmeone The narmal subjects and the veterins who had meurred
arten] wounds gave up because of deep scated pan or ache i
the calf muscles 1n the ankle or m the quadriecps tendon The
location of the pun vared i different wdniduals In myv own
cwse I gne up becanse of pam w the quidriceps tendon In the
cse of the veters with cold mjuny some guwe up beetuse of
burming pun n the sole of the font some becanse of pm or ache
deep 1n the foot and others merely stated “I am so tired 1 cant £o
wmy further

Some of the data tre shown n ths grph (Niure 93) 1t shows
the distribution of veterns wath cold mpun plotting numbers of

-~
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Fremony Smuth A4 Teast 1oy could 53y they yere subject to the
simne motnation,y Problems

Stcer Actmll) the Motwvation for the man with artera] njury
might be ¢4 show what 5 magmficent fimp he has o the normal
side and by, much v orge the Performance 5 on the side of artens)
mury, so thay 1 think thap s perhaps a Jess sitisfactory control
&roup thay Just the map on the streep

Suneone That 15 4 possxblht}

Horcath pyg You offer them, Prize for the amount of work they
could do»
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Fremont-Snuth  Compensation for the work they couldn’t do?
Horcath That 1s a prize mn the oppostte direction, but was a prize
offered in either direction?

Simeone No With the arterial mjury group, howeter, we were
able to compare the performance of thesr uninjured hands and feet
with that of normal mdnaduals, and they matched very satis-
factorly

Hortath We used the same techmque n students, and the van-
ability among the medical students 15 I am sure, 1 the neighbor-
hood of from 800 to 400 per cent

Stmeone There 1s a great deal of vanahility i this tvpe of per-
formance, of course, and that is why we must depend on statistical
considerations to heep us strarght

Tremont-Snuth  Thit 1s a somewhat forlorn hope, ssn't it Dr
Simeone?

Suncone In our own study center, the average pressure de-

comfart, or fatigue, was 233 seconds for the former group and 146
seconds for the latter The total duration of the excrcise averged
787 seconds for the normal contrals and 394 seconds for the veterans
with cold injury  These differcnces were sigmficnt at a better than
one per cent level As Dr Horvath mentioned there 1s a great deal
of variabilits 1n these tests hut one would expect and hope that
the stitrsticr) anilysis would take the vrability of the dta nto
acconnt
Hortath Statisties do not take mto consideration motn ation

Tremont-Smuth The problem of mesuring fatigue wn uninjured
people has so far heen an impossible one to solve I do not think
we know how to do 1t and therefore we should ali be ven
appreciatine of your difficultres i tryving to study fatigue in mjured
prople becrse this 1s miimtely more difficult

Stmeone  That matter was considered very theroughh m the
deliberations on tlus problem We conudered having a neuro-
psychntnc evaluation of erch one of our veterans but that was
impractical We corpromised by testing cach seteran by the Car-
nell Index 1 do not know what the results of that esaluation will
be, but Y have the impression that it will not alter the iterpretation
of the datn as descrthed
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Montgomery If the mjury was almost 111 foot there was a httle
bit of ankle injury wasnt therep

Stmeone In some of the cold njunes yes

Montgomery In this system the power 15 provided mosthy by
the calf muscles and some by the thigh muscles In controls
farlure results from fatigue in these muscles In subjects with cold
myury evercise of the mpured muscles of the foot my have led
to fulure before the other muscle groups developed pam

Smmeone That 1s right the eontrols and the subjects with cold
ijury differed with respect to the loeation of the discomfort which
led to discontining the exercise It 1s 1mportant that the deselop
ment of pamn m the foot was a limiting factor m the veterans with
cold mjury and not m the normal controls

I'remont Smuth But as you smd sometimes the pun was up m
the quadriceps so the fatigue was there

Stmeone Yes but that was the case in the normal extremities In
the mjured the causes for stopping the evercises were twedness
or aching m the calf or ankle and more commonly pun m the foot

Horvath Have you ahy 1dea as to the amount of work done by
the norml group over the s1me period of time that the cold i wed
group were worhmg?

Simeone Calculated as actual work done?

Horvath In the sume schema that you have employed Form
stance 1n the inpured group 1 pressure of 331 cm Hg was de
rveloped and the time interval was 146 seconds How much work
was done by the norm1l group in 146 seconds?

Stmeone 1 do not know

Hortath Roughly they look about equal

Stmeone T think you would expect them to be equal since bo;h
groups followed the metronome and for the most part completels
compressed the rubber bulb with each stroke

Horvath Then the significance of the difference wot 1d be de
creased

Sweet Not necessanily at ll

Vlontgomery The work done m umt hime wis equal bu?l fle
falure to contmue work occurred sooner in the mnjured group

Horvath Yes
Belinke They followed a metronome didnt they?
Tremont Smath  But they did not push st 2ll the w7y down
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ntgomery The e plan, Muscles of the foq 0t y Tespong;ple
for Lh © plantyy , nter, xllen( c]authc'xho w hereas lh n-run Powey
1 from the cqf hich 4 s above the of the
!Meone Acluall) Since they v, ere exercmng 1t arate € Controlleq
by the Metronome and hnoy, they ¢, Omplote EYery strole
Or nearl, Srery ope the work Performeg by the 'njred apg ump
lured for 5 a, e Would b the same
1t Smity, Iy tyou squq they g not necess'mly Dush
1t do
St S 1 rule nd the Completyo, of each Stro},

Mmeone They did .,
Was recorde) on the k,\m Ograp]

7emont §pm, th Yoy ashed them ¢, push 4 dowp, untif 5 cheked
n each Instaneep

Meone Ty, 1S nghe Infy hv) turneq Iittle 1, mp uh ich
they coyl uld see when ¢he strol\ S completeq ln Dushyy, eda}
dowp far engy, 1gh

Teniony Sy, Dig they Rnoy py, v much the ™ tomete, Was
0] A\ e

S:mconc Mo they couldn ¢ see tha l)emuse all of the temrdmg
WPParapy Y15 on the 9Pposite side of the ¢, ble
Temony Sty at ahoy, the relub:lm of the mmsureme nt
for the Same mdmdual ePetting 1 four o fihe timegn
Smumw ith oyy Veterapg we dndnt hne the pportumt) of
repe'mng the teg four o firve tmes Ty, test g Prove quite rel;
0]

© for p, Tma] g thyeets whom o Studied g, ch LRI
3 to the ght hang fi he Jefy in Itndeg
s hag httle o lence he forman,, of the leg by t
i by, effect y, the functioy, of the },
Ol gome. Y Mos ¢ severe], pured of these Ptieng did
e pay, 0 theyr § P
Smmo es
OnlEome, Ty Wag t possip, le to be sur 2 hirge Propory,,
of llwm hag true phnt ar mtorm:ltvnr hudnmtmn’
icone 1y 'S possible that ¢ h (l(-nm did pyyy TUC plangey
mfcnmnvnt chud Clion e iy, ™ diffieygy lo l bsolul(-h
Certay,
Vo,

lfLOmI‘I/ Ity ‘our mpression they really giq b thag
U part of theyr T Punp
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Suncone 1 couldnt be certan that what they had was mtes
muttent claudication Possibly they may have had pam from
wchemia of the plantar shin in the foot

Montgomery No but worse after a certan distwce of walking
not Just a constant pan at all times?

Stmeone Yes that 1s nght The pan was ot constant m the
feet except m a small proportion of the veterans

Montgomery That would all fit ;n wath mtermittent chaudseation

Burton This 1s a very mwmor pomt but are you sure these are
centimeters of mercwm)? lou see 67 cm Hg s 1 very lugh pres
sure

Simcone Yes they we centimeters One of our techmouns 3
waman was hle ta pump well above that figure and mdeed had
to be stopped to avond baving the mercury go over the top of the
manometer She was exceptional

Burton That 1s nearly an atmosphere of pressure I should thuh
the bottle would blow up

Suncone We were well aware of that and s a mtter of fwet
both the bottle and glass manometer tube were tped

Horvath Dhd sou try stmuliting the nene?

Stmeone No We thought of the possibility of domg ergomelsy
by that techmaque as Landis descrihed it (3) but we thd not adapt
1€ 10 the sterest of not wlienating the subjects The test can be
1 lttle uncomfortable

Vontgomery Isnt this the first report of sntermittent plantar
eldication 1 cold mpuny?

Simeone If 1t 1s mtermuttent chadication T am not entireh
certun of that

Montgomery What 1s #t?

Simeone ¥ do not know Possibly 1t represents ischemic pun
other than muscle tissue m the sole of the foot

ontgomery How long did 1t hnger after the end of the test
or after the end of walking?

Stmcone 1 do not know the answer to that

Vontgomery Drd they get rehef rather promptly after wa{’"}‘ﬂ
the exercise? Dud they look as of they were relieved of pim shorth
after stopping the evercise?

Simeone We have no data on the duration of the discomfort
When I have performed the evercise myself Thne had my mav
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mum dlscomfort m my Quadncep tendon This Discomfo hag
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RESUSCITATION OF HYPOTHERMIC,
SUPERCOOLED, AND FROZEN MAMMALS~”

AUDREY SMITH

Nato al 1 11 te for Medical Research

London Englasd

R X ANDJUS

Departme 1t of Physiology Unrsersty of Belgrade
Belgrade Y ngoslatra

Snmuth In this field of 1esuscitation Dr Andjus in Belgrade had
suicceeded 1 doing something that no one had done before 1€
reammating ice cold rits nd he hid done 1t by heating the heart
He used 1 little metal spatula which he heated i a Bunsen flime
and then clapped onto the precordmm With that method the
fur and the skin were burned Nevertheless Dr Andjus revived
20 per cent of the rats and they recovered md sunvived (1) When
he ctme to us we repeated this ind the Ml Hill rats were hike the
Serbo Croatian rats one mn fiv e could be reammated by this method
But we felt that 1f one n five could be remmated five out of five
could be reammated

Dr Andjus and 1 then worked together for 8 months and de
veloped another method where we shone 2 bright hight onto the
chest wall It was 1 Tight from 1 projection lamp nd s that had
better penetrating power we were able to revive 44 per cent and
eventually 65 to 75 per cent of the rats <o that they survned long
periods (23)

Then T retired from work on rits becanse 1t wis quite clear
that something better was necded Dr Andjus wnd Dr Lovelack
collaborated nd developed the use of the magnetron which we
already had in the department Dr Lovelock and My Perhins had
bult it previously for mnstant thawmg of specimens of cells nd
tissues frozen 1t —79 C Dr Andjus will describe some of the
mnteresting experiments he did using the magnetron with winch
e conld revinve from 80 to 100 per cent of the ce cold rats

Andis The magnetron generates centimeter waves and they
¢ be focused at 4 relatnely small area My sden was to applhy

“Teep red at the Nat onal Tnst t te for Med cal Rescarch London Cngland
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heat Jocally to the amumals chest (1) When dealmg with a Jarger
ammal the monkev, the penctration of micronave rate was not
suffictent, 5o we used a more conventional dathermy by means of
which 1t was agan possible to heat just the thorax

Horvath Were these 10 em waves you used?

Andius Yes, as far as the magnetron was concerned

Horvath What power?

Andmus I et give you the correct figures offhand

Smuth We can give them to you later (4)

Horvath The basic difficulty that we find 1n the vse of any of
these 15 that they p te through the tissue and heat
at a depth which 1s dependent a bit upon power and also dependent
upon the wave length that ss, the smaller wanve length will pene
trate a httle deeper But the surface 15 not heated

Smuth No that was the dex

Horvath Primanly the tissue 1s heted 1 know several people
have made an attempt to heat the heart by this means but have
never succeeded m the ntact animals

Smith That was where Dr Lovelock, together vath Mr Perhns
who 15 our electromes eert mgenwusly succeeded

Fremont Smith Do you mean that you find you do not need the
speend heatmg of the heart first for the larger ammal?

Smuth No 1t 15 not necessary There 15 one thing I would e
to mention and that 55 the psychological studies on the sunuos
of this freezmg  We did this work 1 collaboration with Professor
Russell and Dr Knopfelmacher of the Department of Psychology
at Unmiversity College London They tramed rats to run (n mal’:i
and to do tests wyolving swimming then Dr Andpus fook 'ﬁ
anmls once gam cooled them and revived them Next Busse“
and hnopfelmacher retested them for thew abihty to sohe ne
problems "

Quute briefly the recults were as follons There was no {'lpgm
ciable impairment of memory but there was a temporary redic
m the capacity to lean new problems

Ths reduction 1 lewrmng cpacity
became less pronounced durmg the wecks that follove
tion nd convalescence .,

We were sery interested w ths result because it was "'0' ::us
sistent with the theory that memory depends an 3 ‘;ag‘g:mm
passage of nenve impulses or maintenance of some kmnd o

was onl temporary and
d resuscitd
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active metabolic process 1n the neurons within the brain Hitherto
this has been one of the favonte theories to explam how memory
15 achieved (5)

I would hke Dr Andjus to tell you about the experiments when
he cooled rats repeatedly and down to body temperatures just
above zero and reanimated them 1 would also like lum to tell
you about some of his work on hidney function m hypothermic rats

Fulirman Dr Smuth does vour work on the psychological effect
of cooling correspond to that of Gerard?

Smuth  Gerard (6) and his colleague Ransmeier (7) cooled
therr hamsters only to +5°C  wnd they never nrrested the heart
or the circulation By contrast in our expeniments with the rats
and the hamsters breathing and heart beat were completely at a
standstill Gerard (6) and R {7) recorded el phal
grams and they were able to show that at +5°C there was no
electrical activity m the bram Nevertheless memory was not 1m
paired showing that 1t did not depend on cerebral activity Ve
therefore do support Gerard very strongly m this matter that
memory does not depend on a dynamic process We have cooled
our ammals to lower temperatures than they did We think we
hawe arrested all actine processes within the bram

Fuhrman Didnt they find that the hypothermia reduced the
rate at which the animal was able to find his way out of the maze?

Smith No

Tulirman 1 thought that if the time between learning to run
the m1ze and the cooling was just night 1t did reduce the rate at
which the wmmil got out

Smuth Tf they were cooled too soon fter learmng immediately
after learmng then they did show a reduction We did not do
that as I expluned Dr knopfelmacher and Professor Russell hid
the rats for 1 week or two first then we took them back and so
there had been a decent mterval since traming They had 1 really
thorough traiming before we got them

Tulirman The pont was that there 1s 1 certun interval whech
s entieal

Smith It was 1 veny short mtersal

Tremont Snth 1 would like to imke one pomt here T think at
s generally true that memortes of short duration are much more
sulnerible and that vulnerabilits increases with shortness of dura
tion or that mvulneribility or protection of memony ncreases with
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tme This 15 2 very important general phenomenon and I am very
mterested It came out m Gerard’s experiments In other words
if the Jearmng process had been allowed to be ymbedded more
deeply oser trme, then at was Jess vulnerable to the freezing and
that 1s true of all hmds of trauma In a Int on the head, the memory
loss 15 always for the more recent events, the ones fos which the
memory has had the shortest duration

Smuth It was a matter of munutes 1 ther experunents not 1
matter of days, Dr Fulrman The wterval between trammg and
cooling had to be less than 5 mimnutes m order to produce an effect

1 think we have more than confirmed the views of Dr Gerard
and Dr Ransmeer, becwse the electrical achivity m the rat brm
15 suppressed at body temperatures below 18°C That was showu
qutte conclusively by Horsten (8) and Lemutre (9) In Dr Andjuss
rats, cerebral activsty was prohably arrested for from 1% to 2 hours
dunng the entire time they were below temperatures of 18°C
We kept our amimals cokd much longer than Ransmeter aad Gerard
did and nevertheless they showed no signdicant loss . memory
after resusertation

Fulirman  That is very teresting

Smuth Yes I had never come in contact with the anmal ps
chologists before and it was an mterestng expenience for me 10
see something of thew work and something of thewr prollems 120

Suncene Dr Smmth, do I understand corxectly that frozed
hmsters developed no edemn of the frozen parts when they wert
reimmated?

Smath Only under special expernmental conditions, but 1 “"‘;{d
ke to give Dr Andins a chance to talk to us bectuse he Il}s}'!l;
ongmator of this work on resusestating amumals and we at Mo
owe bim a greit deal

Andjus Fust of all, 1 would hke to tell you that the 17055‘1":;;”
of recovery after cooling to body temperatures below zero Kab‘e
just a pecubanty of hibernaung ammals and hamsters 1 \\"t; o
to reammate rats aftes reducmng their central temperature 7ed .
zero down to ~3°C 1 the colon and about ~5° to ~8°C nn‘C
the shin (10} Those animals that supercooled were ren;\m;\m‘
and recovered completely None of the ammals that undert

s
erystathzation however, was so far among the Jong term mrt\ l;:
Smuth 1 should explan thrt at this pomt Dr Andmj ;!eh;‘m‘)'
to Belgrade, but 1t 15 possible that f he hod vsed the dr
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which 1 wilt describe fater, he © ould have snccceded m revivng
pmtu\\y frozen TS

Andps 1 had used the magnetron mierow & generator for re-
ammating U em and 1% as not bl to BEY complete recovery when
dcaling ™ \h froze? yats As? matter of fact, they can be tcanmmlcd
put they die soon a(\en\nd This W25 howerer, & very smalt
sencs The poes\b\\ny of recovery after freeing mma\ free7Inf
at Jeast, cannot be ruled out on the gm\md of these Cernn‘\l‘nls

{he first 0B 1 wanted see hat the influenc the tme
factor Was what the nme hmits cre for canimats Figure
shows b yesults encs Of xpenme! N s \ept for
Qifferent \engths at zero, 1 ¢ that ten out of ten
ammals Were 1ong, ter! Survivors ~hen they were hept
cended amm? o om 70 Tnutc he black ocks

T o1
how the Tong-ter™ SuryIvors, the haded areas show the aumber

When the ume Qunng wluch rats ere hept W
mation Was colonged the sur wal Tate Jdecreast!
mnutes 1 coutd not obtain any ong tem LR IVOTS

n suspe“dcd am-
and afte? 120

Dugal 1o about monkey® could you Yeep them at that tef®
perature for an how? and reammate the!
Andjus Yes, one WS coated 1O 5°C and was without heartheat
for about 1 hour

l'rnnon(-Smllh what a8 rats were these®

gmth They were about § wecks o Thes 7€ adult rats

Andjus TheY were about op0 grams heavy Figure 95 shows
some Fesw of m‘\c:\lcm\ coohing, W T o these & phs. body
weight 18 T A agunst ume  On¢ rat v d every econd
da 0 00 @ 3 duomg the coohng PeTe A gro¥ th was ved, after
the seyenth € g, (s @ atmal ¢ the same figure anct het
cXpenime \\\uslmlﬂ\ ich shows at f there delny
Totwcen two €@ et olngs Yong € ugh W order 10 allow
the animal to rogun S ymtiad weieht then the ammnl can be
cooted repeatedhy uP Lo ten wmes o° and Y ns capabie

\ up to
of tesuming gm\\lh afterward

n the cqscnmmn hown W Trgure 96 § hme <0 sometiung
ke an ad gpration \1{0(‘\\((‘(‘ L3 r(‘vmm\ coolin® Turst of Al the
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Tme £ regun
b Avsrase ¢ ne
tdo 33 srose ¢
a Py
(dar
? 3
¢ 5
k4 4
N 3
N 2
2 '
4 3 6 7 & Aoa 72 3 AN w2
' * s sornd (73 (i i) e L

Fioune 96 The eflect of repcated cooling on recovery of weight (d) resls
abtuned 1n two diffcrent rats (white and black csreles) (B) average values from
hirger groups of ammals Number of amimals mdicated m brackets

wop 3300
A 8

200} 290
= 37 37
£ s Fae s
3 o S D5
S aof € goo e
o LT g
] 5 1m0 ]
30 ne i i
£ 1300 3 £ 110 25
1 L JRR——— T o o
3 S b g

900 f ==~ 19 X
° 2 6 m 3

500 50 s, :}

300[: 13 300 o

00, - 3 0] N

20 40 60 8 100 120 0 20 4 & B0 100 30

Time {min} Yome {min)
Ieft
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ammat 1 cooled to oC and then rcm\m'\led and re\\am\cd to

15 degrees of body temperature and left at room temperattr®
] ntneous 1€ ng wiil ot OCCut cons“mphm\
rate 1€ 1 1} the ume untit & th occurs (3)

gmth These being TV 8 oyposcd to the hamsters

Andjus 1 that is 3 sference n the reantm \ted rat 1eft at

100 \emper\lme oxygen Lcnsumpuon remuns aery low y
a ternperatur® and

the amm} dies nfter 1 few hours 1f it 1s mot rew armed artificratly

Tigure g3 shows the 1nerease body eraperatus’ above the
room aperiture e rats coO! he Tem t

yew aTm! C and Y ft at 100V per it n the ammals
Ted for the first o 7¢70 ¥ dent W the hody tem
perature Joes not ont wed ne perature

al e
Hut fter the sixth wnd sev enth cooling the rat ¢t row wm spO
tancously from 15 C wp™ wds wd TeEIT 1ty norm body temper®
tare (10}

Traccll Docs 1t shver?

Andpus 1t does shner 1f you €% gm a1t after cooling 3t t©
sero TEWATM it aorm hody temPet yure Y ot wate? bath
nd then lent tomd cefnger wof 4t ihout 0 dogrees of ambient
fmperature the body tempey HUTe of the rew™ ed Tt M

steadal he Tt Arlothermic s 18 TUE howey rats
cooled and rew emed for the first B¢ Js row Mt for the
sicth 1o seventh BME we 5 heep the® hody tmp rature at

normal tesel when pleed W (he refngeratos (10) This “ome
thing, of W Adapton dudopu\ Ty et ted cooln®
Travcll To® tong, does that Adaptation t?

Andjus Thu 1 do not Lnow

Ieuts Could you tell us omthing \hout the (arhon doade
content m thase jars when you cool the rats’

Andjus €S Tom At the end of coolme the concentrition of
cuhon dioude 18 com 1310 16 pf cent and the c(mc(‘n\m\lm\

Burton € ould son wlt us why you put the apmals M the 17
wd lene them for onc howr nd then ke them out and wse

3 of cooli® L T1Ienet dd rout
st toy s e find 1t worked? Wiy not e tham i the 1€
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Andyus If the ammal 1s hept in ar above 7ero i the refrigerator
all the time then a long tune 15 needed to cool 1t from 15° C down
to 0 degrees because the temperature gradient hecomes smaller :m]
smaller I thought that 1t would be much safer to cool the anima
as quickly as possible in thit range from 15°C dovwn to O degrees
because the heart stops beating and the danger of anova JnmwsB}S
with time 8o 1 cooled st 15 ripidly 1s possible by covenng it with
crushed 1ce and 1cy water ;

Tremont Smuth You wanted ta get the temperature down quickly
only because of the sensitnity of the brun te anoxa?

Andyes 1 am not sure 1t 1s the brun Perhaps 1t 15 the heart

Dugal Did you make ny blood studies stuches of blood sugrs

for mstance?
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Andpus Yes After 2 hours m the jar and when the body tem
perature of the ammnl 1s about 15°C  there 15 1 tremendous
hyperglycema a 100 per cent mncrease  There 15 1lso a sigmficant
ncrease of the concentration of morganie phosphorus in the blood
On the other hand there are no sigmficant changes i the concen
tration of nonprotein mtrogen

Burton 1 dont suppose you did amy studies 1 magnesiam
&d you?

Andjus No T dhd not Durmng and after rewarming the follow
ing changes result If the ammal was cooled not lower than 15 C
and then rewarmed during rewarming the blood sugw concentra
tion regains 1its normal level If however the amimal was cooled
to 0 and then rewarmed to normil body temperature especialhy
n rits that die of 1 secondwy delayed dexth hyperglycerma s
present in the beginnmg and then dunng the first 7 to 10 hours
the blood sugir concentration falls below the norml level reachng
sometimes very low values  IF the secondan detth oceurs 1 or 2
hours after rewarming the amimal ches wath hyperghcemn af at
dies 10 hours later 1t dies with hypoglycemi (3)

Ircmont Syuth  But not m convulsions?

Andjus No generally not in convulsions Occwionally however
I have scen convulsive seiznres n these ammls but I do not know
whether they were relited to the blood sugir level or not

Hedblom Dr Andjus m case I am unfortunite enough on my
Antaretic expedition to lose 1 sulor over the side mto the Ross Sea
and fortunite enongh to get him baick before 1+ hiller whale or 1
leopard seal gets um ind I have 1 dithermy would vou recom
mend that T apphy the diathermy over the upper thorix md
thoriy over the Iner or where i order to give the greatcst degree
of efficics® I do not expect he 1s gong to get this cold but T con
tamplite using diathermy

Andjus Be crcful beewse sou can bumn with dinthermy It ss
difficult to warm a lwge part of the bodv quickh enough with
dithermy We experienced tronhle with onr monkevs Tt s much
esier to heat locally It would be qute enough to heat just the
cudine et as ripudly a3 possible

Smuth Tt s necessany to find out whether the mans heart s
beating Y dp pot ghink that there 1s ans point at 91l an heabing the
hert when it 1s already beting You do not want to beat 1 horse
which 15 alreads gong

Andpus That s nght
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Eprrors Note Dr Andjus would Iike to add the following "after-
thought” to his remarks at the conference.

Although our method of applymg heat locally to the chest
was devised f ' T i !
heart, and ah
for the recosc
heart action,

{1) Jocal appheation of heat to the chest, which 15 easier to
achieve 1y all that s necessary in arder ta rewarm the patient
and (2) that preferential heating of the chest could be ad
rantageous over generalized heating in cases of deep hyper-
thermin with a _greatly depressed heart action Qur current
esperiments on dogs speak m favor of such a powsibility
Smuth The local heating of the heart, at any rate, would be
weful only 1f it was stopped  Also, as far as Dr Lovelock and 1
can tell, better results can be obtamed with general heatmg of
the whole bady because every time the heart sends out a certmn
volume of blood to the periphery it gets back cold blood i e
change We have comvmeed onrsehes that although Dr Andjus’s
method worhed very well, we can reallv obtain better results with
general heating of the whele body
Fremont-Smuth  Once the heart 1s heated, or anvway?
Smuth  Anyway
Ands But you are usng small ammals, Dr Smath, and 1t 18
relatively easy to warm rapidly a small body with duathermy mthm;:
getting burns, but ot 15 very difficult to warm a lasge body ‘””
diathermy without getting penpheral bums and bumns m the
extremutics
Smuth Dr Lovelock feels that the frozen parts must be thaved
as quickly as posstble So, 1f a satlor has a frozen foot or a frO‘Z’('n
hand, Lovelockh would advise thanmg it as rapidly as possie
After that it 15 not necessary to go on heating Than 1t fl“‘fcg‘
get rid of the see, and do not have 1t thaw gradoalh All o ”
Fubrman’s work supports that idea and much other work on 1
lated tissues and organs does, also
Lewis ‘There s another complication that comes ! e
body 15 rewarmed before the heart starts beating  In our em“e
ments with dogs and rats caoling to these Jow tcmp«:rﬂmreli)O >
had some neurological damage if we rewarmed the mtne} A "
for apparently the nervous hissue got to a imnpemtur;' “r; Bt
demanded axygen before it got enongh blood from the xlc“i] "
when we just rewarmed the chest, until the heart started
g hot water we did not hnve nervous tisstie damage

£ the whole
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MMersed Ot water That 5 stbly Just ), Lew s hag
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nee y oy I [
10Nt iy, Dr Smuh, one thing y), ' seems hetle contr;
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T

i} eq 0, Uiy [¢
the bram Wirme, P vl 8enerq) Uhing y hen g, heart ) not
he ting>
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it the Zolden, h hster 4, S relaty of, €15y 4 TCSUsCH e ifter
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CCS I tre 1lod Just hk he ry ther eoupg he CDE vyl arrestegd

'u‘zrlbo At ind 4y, Tostod lu-o thing 1, i for qp p, 5t o hoyrg and tha
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Wy lomptnturo w ll
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piration lone - Sometumes animals were given artificial respiratio
under a bench lamp  Tlis enabled us to resuscitate them 1 b
more quickly These were unfrozen humsters

Some aruntls hept 1 sce for 7 hours were resusotated by thes
smple means but results were better when I wasmed the bods wil
diathermy not very quickly but by rismg the colonie temperatur
by 1 degree a mmute

Wth frozen 1mmals T agun tried heating the heart foerlh bil
found that if the animals had been freezng for 15 mmnutes or mote
they could not be resuscitated The heart would stop beatng while
the periphery was still frozen stff and these ammdls did not
recover So I consulted Dr Loseloch who smd what I needed was
ta rewrm them with dithermy and get them thawed quickhy

The first obgect was to thaw them quiekh, and then to yew
them more gradually ¥ worked ont 4 standwrd method for wamurg
the frozen or supercooled anmls and nlso those which had bee
%ept = fong time m 1ce with body temperitures ahove § degrees
revarmed them quite gradually yproumatels a degree or two 2
mmate with dinthermy

Fuhrman The whole anmal?

Smuth The whole anmal ves so that when the heart started
beatng tnstead of getting back tee cald blood from the perphery
and beng thereby mhibnted it went on beating more and ml;lrt
quickly so that the frozen or supercooled numal recovered ripih

11

Time passed and one dav the dinthermy appiratus brake down
sust 1s T was gomg to start resuseitrtmg 1 hamster v fuch hd bi}(;n
freczmg for 1bont 50 muutes or so I dnd not want o lose thg
amml so I carned on gmg it artfionl respurttion wnder .
gentle warmth of 1 60 watt hench lamp  Ths hamster yecorerc
completely

Then in co-operition with Dr Goldzserg {12) from Sml!’ngo
Chile we treed to determune whether or not see cold sats and i
cold mice with asrested heart ind breathing could 7iso “)mt‘:d
extated very sumply without mucrow wve chrathermn or c{);n‘p w"xm
apprratus and we found that miee and even yats cau‘l wl\mg
rexdily resuseatated by giving wrtifiont] respration and PP
gentle warmth to the whale surfice of the body -

On the other hand 1f they were mmmersed m Jot wter {;rn X
the heart would beat 1nd then m due course the 'xmr;us \‘\'m
e convalsions  When we warmed hamsters with distherm



h’z‘:mcltallan of |Iammah 239

then plung g them nto hot Water jugp when they Vere Starting
{0 hreathe agan they often hag omvulyg . and die, which sug
ested thyy ¢ ™35 possible to overgy, the hc:mng of the body even
when the temperamrc had nsen to from 150 to 20 ¢ (13)

¥

Lety, Mean hog |, ter )y 4 More officient Method of
Warmy, 2N drag,

Sy, think that why no g hag ved e cold
0mls ber, h. ‘€1 puzzleq d 1, A ndjus
Must fgy o been ¢ towhy 4 s that gy s Jeft ¢, us to do

00 s
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Nt the Specifie Conductyy of the Uerry) Which vy be seloe
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the ielocyy, Oent ¢l 50 F5r mogy ey p, Practicq)
‘COMmes

=10 ohm 1y her N - Wite J ngth oy Meters
M\ =gy V0 oy where \ queney ,,, me
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out, that there are tILEcrencos I reaq that
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Temperature {°C)

N
b

— N\ |

[} 38 70 105 140 175 em

t
D e

;dtytlean s
ter load € rves are

ns

Andps Figure 99 shows the dutribution of microvave enurgs
n the are 1 occupied by the wmimal The estimition wis made by
measunng the heatng effect on water Joads It 1s vedent that the
peak of the temperature carves 1s sistated over the heart arca

Tignres 100 nd 101 gne further information about the nise of
body temperitures during heating, by microw wes  Temperatures
were tihen i the eolon md i the tsophigys not mn the heart

he nise an temper ture was recorded mow ammal duning actne!
reanmntion s well s m the corpse of m unmal that did not revne
during heating When the temperiture crves are compred the
difference hetween the corpse nd the reviang animal 15 eadent
1wl the dffesence betneen the temperiture tikan an the
espboges bonewl ohe beat wwd o v cadae

Norcath Were these te mperiture menarements made while
the mut was on®

Sndms Yes st was on
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Rep nted by permss on from And us R K and Lovelock J E  Rewnaton of

rts from body ten peratures betveen 0 and 1 C by mcrow ve d themy J
Plysol 128 341 (1955)

Tremont Smith  Was the actual temperature read while the
machine was running or did you stop the machine to read the
thermometer?

Andjus No I did not stop the machine

Horvafl: Then your temperatures I must confess must be some
what m error They are too Ingh  Their values are higher thw
they actually are

Andjus That 1s nght
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People have ashed me how we hnew that e was formed 1 these
ammals  One method was very stmple Capillary tubes contunmg
Ringer s solution were mserted mto the subcutaneous tissue or mto
the pentoneal cavity When removed lumps of tissue were often
pulled away too 2nd there were 1ce crystals sticking i them If
on the other hand the tubes were lubricated with vasehne or with
glycerol 1t was easy to remove them and show that they contamed
1ce erystals

The other method was conclusise We transected a number of
hamsters some of which were ded and at room temperature there
were others which were apparently Iifeless and had been ficezing
progressively or which had supercooled It was instructne to
transect ammals which had been freezing for vanous perods of
time When they had been freezing for about 40 mmates the skin
ind the musculature were hard stff and erystaline  The shin of
the hamster 1s so loosel; attached to the underlying tissues that 1
ammals transected at room temperature 1t falls away from the
bodv wall After freezing for 4D nunutes honever the shin nas
firmly attached to the body wall and when the amimal was cut
half the surfrces were absolutely flat (19)

Inside the penitoneal ety there were 1ce erystals between the
sarious viscer1 Pieces of ice shaped tccordmg to the organ thit
they had been up agunst could be withdrawn  No special apparitus
ws required to watch them thaw out at room temperature nd
they delinitely were 1ce crystals

There ws no doubt about the fact that there w1s 1ee not only
between the vanious organs m the pentoneal cavity but withm
the bladder and the stomach The cut surfaces of the lner and the
hidneys were also crystallme i consistency

Having convinced ourselves that these ammals really were frozen
we then began to wonder what proportion of the body water ha
been converted to 1ce wm ammals which were subsequenth resus
caitited and whether 1 those anmals which I had failed to sesus
atate there was present more than 1 crtical amount of rce

In one sertes of experiments ammals were frozen for dl(fere:;!
lengths of ime These were all resuscitated by the same mothos(o
diathermy ‘Table \II shows that m ammals frozen for from 5
to 70 minutes there was beginning to be 1 mortality Of the tuenty
hamsters which were frozen at =5 C for peniods vasymg {"’c“(;
50 to 70 munutes seventeen recovered fully that ss rccow{ :
heartbeat consciousness reflexes nd spontaneous activity
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Ficvne 105 Normal hind paw of hamster {x2) Heprmted by permission from
Smith A U Frostbite m golden hamsters revived from body temperatures below
0°C Lancet 2, 1255 (1954)
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s was not just that we bad reached the time limut for heeping
hem without heartbeat This was something else We thought

must be the amount of ice and that there was a Imit to the
ttent to which hamsters would stand humg therr body water
emoved m the form of e We were tryng to find out what the
mts were

Figure 105 shows a normal hind paw and Figure 106 the hmnd
aw of 2 hamster showing frosthite The paw shown m Figure 106
vas bent when tt was in the frozen state at abou t the level of the
etatusophalingeal joint and wl en rewarmed 1t becime hyperemic
mmedrately and swelled up within 1 few hours

Figure 107 shows one of the toes I w1s delighted earlier m the
liscussion when Dr Aulka described practically everything that

Fictie 10 Trans erse secton tlrough the mddle phalinx of toe 3 days after
bend ng the frozen m tatarsopl al ngeal 1 ot {x50)
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I had scen foeql lesions m blood vessels and the fact that there
could be s can be seen here bhstering on the surface and de
generttion of the epithelum and yet hur follicles that were
nommal  Bad chinges i the nail bed were shown m a Jongitudmal
section through the toe (Figure 108)

The shin of the dorsum of the pm ko showed blistering on
the surface wnd edema (Figure 109) 24 hours after it had leen
bent 1 the frozen state There was a great mfiltration with poly
marpholeukocytes mononuclear cells and plisma cells The under
lymg tendons undernent very severe degeneration

Figure 110 shows the early changes 1n t pana 24 hours after
it had frozen stff  The tip was tegwn ng to harden and nndergo

d V- -7 ‘\.nj
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Flears 110, Section thiough the tp of the piona 24 Jours after bend g the
frozen part hihway along ats length (175)
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Fictnt 113 Section through the left 74d
Fiouus 113, Seoton throuh the lelt pums 7 dys after st hd been froren st

1z ey vt —'c —sse Duathuemy
———— ., e .

Tampe stre °C)
1
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7

e Celore famparetes

L

« 50 [ n
T ]

Twvne 114 The colome and subcutaneous temperatures ecorded from a hamster
which froze progressnely while immersed n a bath at -5 5°C

Smuth 1 will describe that later.

Andjus 1 asked you that because in my expeniments I imanably
get a spontaneous nse of the subcutaneous temperature when
freezing starts after supercooling

Smith You do sometimes, but not in this particular one The
proportion of water which had been converted to ice m the skin
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n 1

Smuth 1 passed the th le a to he at
the lawer end of the thoracic esoph:igm s0 1t was adjacent to
the heart

Fremont Smith In the esophapus?

Smuth Yes 1 passed 1t down the esophagus

Fremont Smuth Then i is really esophageal temperature rather
than mtrathorwcic

Smuth  But 1t s mtrathoracte  The esophagus 1s m the thorax
1 &id not want to make too many boles 1 these ammals beeause
1 wanted to revive them and not to gne them too much disability
dunng ther period of convalescence

We did a lot of work Lovelock was away but it was his method
and I did the anthmetic Somebody cheched it for me Table 111
shows the proportion of water converted to ice i different regions
of hamsters frozen for from 40 to 60 minutes There was ¢ certain
amount of varation in different ammals some were fat md some
were thin 1t was not possible to be swie of freenng for the <me
length of time or always to be sure of putting thermocouples
exactly the same place in the subcutaneous tissue  After 40 minutes
somewhere around 60 por cent of the subcutweous fmd was
frozen at the end of 60 mmutes generdlly around 90 per cent
This was quite 2 small group of animnls but the amount of water
frozen in the thoracic esophagus was decidedty lower than i the
other regons melading the colon

1 still wanted to know what proportion of the total hody wter
had been comverted to we and so Dr Lovelock suggested our

TABLF I
The Proportion of Waser Converted 10 Jee in Different Regions
of Hamslers Frozen Progressvely for from
40 to 60 nunutes at —5°C

Water

Reg on Frozen
(per cent)
Subcutaneous tissues 591089
Traw 531002
Thoracie esophagus Tta22
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domg some calorimetry this was qute simple We dropped animals
which had been frozen for varymg peniods mto 1 simple calorm
eter cantamning a known volume of water at a hnown tempera
ture and then recorded the fall i temperature of the wter m the
calormeter and the rse m the deep body temperiture of the
ammal  We then went on until equilibrium was reached and then
tt was quite easy hnowing the weight of the ammal and so forth
to determine how much of the fall m the temperature of the water
of the calorimeter was cwsed by meltng 1ce ANl this will be
published so I need not go mto 3t n very great detml but we
cheched on the calonmetry very carefully and although it was a
smple method we did seem to get an 1ccurate determnabion of
the amount of water frozen
One way that 1 cheched on the calonmetry amused my col
feagues a great deal I made artificial hamsters from polythene
bags of surtable hamster size stuffed them with cotton wool put
in known volumes of distilled water and froze those Later T got
ambitious covered the bags with hamster shin and shitched st wp
the bags looked just kle hamsters I continued until T knew that
all the water was frozen wnd then 1 estimated the amount of ice
by calorimetry When an artificial hamster contamng 50 mi of
completely frozen water was dropped nto the calonmeter the
estimated amount of sce was generally somewhere between 49 md
51 grams of 1ce It scemed to me that that was good enough wd
that the calonmetry was accurte
Figure 117 shows results of ammal expenments The percentage
of water frozen determined by calonmetry 15 plotted on the vertical
scale nd the length of hme for whach the ammals had been frozen
wath 1 colomc temperature below 0 degrees is plotted henzontally
This shows that when the animals had been freezing for 40 minutes
15 per cent of the body water Taght have been converted to 1ce
At first there was rather 1 gradual formabion of 1ce then the
amount of 1ce formed mcreased rather sharply so that by f\O
minutes anything from 30 to 40 per cent of the body water mght
have been frozen
After 80 munutes of freezing between 50 and 60 per cent of the
water was frozen The exact amount vaned with different 1mm1§5
After 8 hours of freezing between 70 and 95 per cent af the body
water was frozen
We compared these figures
hiad resuseitated 100 per cent of

with the results of resuscitation e
{ the ammals which had been frecz
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Figure 117 Calonmetne determinat: ns of e proportion of bodv water frozen
i hamsters which froze progressively for different periods i baths at —5 C

g for less than 50 minutes so we felt that among the hamsters
used for ealorimetry 1t should have been possible akso to revive
those frozen for less than 50 mmutes This group mcluded ammals
mn which 3 per cent or less of the body water had been frozen

Among ammnls frozen for more than 50 minutes there was a
mortthty, there was 50 per cent mortahty m the group frozen for
between 50 and 70 munutes That 1s the group where betwcen 30
and 55 per cent of the bodv water w1s frozen

In the group frozen for between 80 and 120 mmutes the ymmals
would recover partially They might not even recover conscious
ness
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Fremont Smuth What was the maximum body water?

Smuth We thought that somewhere between 30 and 40 per cent
of body water frozen wis compatible with seviving 2 hugh pro
portion of the ammals We still could revive some mmals when
as much as 50 per cent of the body water was frozen

Burton Did you chech your method by Lovelocks formula
agunst this m partienlar ammals?

Smuth  Yes

Burton And thev agree?

Smuth Yes remarkably well In all of the antmals used for
calonmetry and there were about 50 I also worhed out by
Lovelock s formula the proportion of the water winch had become
frazen m the colon usmg the finl temperature recorded from the
colome thermocouple I was stmich (and 50 was Lovelock) by
the remarkable simlinty between the proportion of water frozen
n the colon and the proportion of water frozen m the whole body
There was very seldom more than 5 per cent difference  Generally
the proportion of water frozen in the colon was about 5 per cent
fower than the proportion of water winch bad been frozen 1 the
whole body That difference was of course explaned by the
fact that the 1ce fronts reached the thorax and deep abdommal
organs later than the superficial tissues As 1 result there w1s fess
we formed either m the thorax or in the colon than i the super
ficial tissues  For this reason calculations based on the mmmum
colonie temperature guve a low estimate of the total amount of
body water frozen

1 then went bich and caleulated and from the final colonie tem
peratures reached the percentage of water frozen n the calans
of all the hamsters beanng mn mmnd that these figures are tikely
to he between 5 and 10 por cent Joner than the ampunt which had
been frozen m the body as 1 whole We then ted to sce what
the relation was between the amount of body water frozen and
survival

Among ammals frozen up to 50 mnutes there were hardly any
casualties at all and the mavimum amount of colome water frozen
was 45 per cont No wmmat m whieh ore thon 43 pec cont of the
water m the colon had been frozen recovered There mught have
heen B or 10 per cent more total body water frozen but [ thnt
we can say that by the methods T am now using I :\Ould not l";
able to resuscitate an ammal 1 which more than 55 per cent o
the total body water was frozen
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The gastrie hemorrhages remmded us of the Cutlings uleers
which occur sometimes 1 severely burned patients and which may
also result from stress

Burton  Have you thought whether or not this ulcertion could
be related to the ulceration of the intestines wnd stomach i shock?
Dr Jacob Fme of the Department of Surgery at the Harvard
Medieal School 1s an enthusiast on this point that if the blood
flow 15 stopped ulceration results

Snuth Yes

Burton T wondered 1f you had tned pemerllin m these ammals

Smth No we hawve not I think it must be reltted with that
work T am sure 1t 1s related in some wav to the arrest of the blood
supply mto the part and we hope we will some day hive time
to look mto 1t

QOur very latest work 1s on the effects of freezing on the pregnut
hamsters Dr Parkes mamn imterest 1s i reproductive physiology
and he was curious to know what the effects would be o1 fetd
development of arrestmg the blood supply and the crreultion wnd
of coolng to different temperatures

The hamster 1s 1 remarkable ammal 1n many ways and its repro
ductine cycle 15 particully remarkable Pregnaney lusts o Iy 16
days 1 the hamster and so the female does not waste any tune
Pregnancy 1s much shorter thn m the rat the mouse or wy of
the other Iboratory rodents

In the first senies of expermments that I did ammals 1t dl{fcml’zl
stages of pregnancy were cooled to hody temperitures belos ©
Some of them supercooled and some of them froze They were
kept nt body temperatures below 0 degrees for from 80 to 35
minutes n 1 bith at —5°C

1 revived the first group and let them go to term il the an mals
between the first and the thirteenth day of pregntncy recovere
completely but those which were 14 or 15 diys pregnmt had pre
mature deliveries were very sich and did not wewally survive of
of they did survive they did not have htters

Most of the other animals had hitters but some showed anuo) wnee
At bemng exammed duly which was our prictice after resuscxt.mm:i
and although we noded countmg or handling the }0"“5’,‘“
although some of them reared litters others tended to eat tems
S0 T did 1 second senes of experiments m which T cooled hams! :;,re
which were 1 to 12 days pregnant and L lled them alf on
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tlurteenth day of pregnancy 1 ordey v mm COount the
fetuseg Idyg 710t let the Second Jop go t 1 h d gop Young
from the firse Iot, but 1 did 10t knoy, hoy, many and wp at the
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Ficune 118  The utenne contents on the
thirteenth day of pregnancy of a hamster
\Iv’.rl:x;ltumlgd been frozen progressively for 33 minutes mf lﬁ: s::yvemh day of
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gnncy of a hamster

Fictie 119 The utcnne contents on the thirteenth dav of pre
(w of pregnanty

which hd heen frosen progressively for 30 minutes on the mnd
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Ficure 120 The uterine contents on the thirteenth day of pxeﬁnnncy of a hamster
which had been frozen progressively for 28 minutes on the tenth day of pregnancy

SJO

Ficune 121 The utenne contents on the thuteenth day of prezn s o hamter
\khu.h hd become supircnoled to u colonic tempesature of —3°C and was below
0°C for 20 vimutes on the deventh dav of pregnnes
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Fictys 122 Tle utenne contents on tl ¢ thrteenth day of pregnincs of a la ister
wh ch b1 been frozen progressively for 45 m nutes on i e secon 1 d v of pregmacy

It was a freczing 1t 1 specual time 1n pregnancy which was the
crucia] part of this expeniment  Freezing on the eighth or twelfth
d1y had no effect on the fetuses 1t all

Andjus Do you have any evidence that these changes are related
actually to freezing? Are those results bisiclly different from the
results obtuned by Cournier and Mrais (23) on the one hand nd
Vidovie (24) * on the other?

Smuth  If Professor Courriers (23 25) results re compared with
mine they will be found to be the same sort of thing only I have
much greater effects Amyw1y he got no effects 1t Al from cooling
duning the first week of pregnncy m the rat whercas n the
hamster cooling m the ewly stiges even dw 2 when only from
siteen to twenty four cells have formed produced i effect

Andgus 1 wanted to stress the fact that the quoted authors
cooled anmmals not lower thin 15 C and yet thc same sort of
abnormalities w s found i the embryos nd v smihr differentin
tion between chirictenstic stawes of pregnwey velated to the
effect of hypothermiy was ilso descubed

4Alo 1np blddel dita
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fiver preparations kept at room temperiture returned to normal
following depressed function 1n the cooled animal I mentn tius
as one of the functions of < ssohted organ that recavers when
remaned from the hypothermse ammn}

Epirors Note Dr Behnhe would bke to add the followmyg
communtcation recened from Dr Ralph W Brer of the
Naval Radiologieal Defense Laboratory

Fur some time 1 fairly extensne series of studies cancerumg
liver function m rehiton to temperatures m the subnormat
range has been m progress at this laboratory Bile flow and
composiion  chromie phosphnte collond uptahe  sulfobromo
{xhﬂm)em uptthe and cxereton mte e and hemodynannes
ise been imestigated from this point of view 1 the ssolated
rat hver prepuation results were briefly mentoned 1t the

IPPIUL T W PO eI 10 e BOLL U HYEL Yy LY Liese
stuthes 1 the solated Irver are now bemg paralleled as far as
gﬂs:xbh by studtes ur t1eo m the antact anmal Two technigues

e been employed by us to date for thrs purpose  The first
has been the appheation by Dr G F Leong wd My R
1ioViovay of the {:ypmhumn mduction methos of Andjus and
Smuth to produce h and surgieal anesthesit sn mts
without wse of westheties other than carbon dioude such
preparibons were cooled to rectil temperatures of from 14°
t0 20 C and emploved as hver donors for perfusion etpen
ments  Such_expernments have shown that recovery of bale
flow can be obtuned on perfusion of hvers cooled to tempers
tures of from 16° to 18°C i o Swice hvers equilibrited
with blood i the perfusion apparatus ind then cooled ta cam
parble temperatures recover 10 less than 20 per cent of ¢xpert
ments the above obsirvations suggest presence of a recovery
inctor esther i fresh Mvers i ¢ieo or an fresh whole blood and
disippearance of thy factor op continued perfusion

A second wpproach followed by Lieut Comdr G M Moore has
consisted 1 threading a sther constntan thermacouple w11 1 No

30 gage needle through the substince of the nght lobe of the rat

Iver to determme Incr temperature i w100 n relitton to deep body

temperatuses and to varons Iner functions duning cooling or ve

w wming of such preparations under hight nembatal anesthesit

In genersl Iner temperatures are shghth hugher thwn reetl
temperatures the diflerence bamng perhaps 1°C On cooling the
anmals it vrate of thaut G2 C min by mems of we packs rectal
temperitures fall much more drastially than Iner teraperatures
50 that when rectal temperatares hwe reached 253°C the tempera
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Blockade Techmquc as Protective Measure 287

The duration of the P wave changes was approvimately 10 nunutes
m the normothermic ammals and approymately 20 minutes m the
hypothermic dogs

Horvath What was the temperatare of these dogs®

Shumacher These dogs had been cooled m erached ice unt} the
temperature reached approxumately 31°C Then they were re-
moved from the ice bath and the temperature contirued to dnft
downward so that at the time of venons mflow occlusion, most of
them had achiesed a rectal temperature of approumatels 26°
or 27°C

Terrer Dr Shumacher, am I correct that your technique imsolees
the mjectron, not just at the junction of the superior vena cava and
the appendage but throughout that area which was m dotted hnes
on your mmtial sitde, an area which to my mund mmolves certanly
2 good upper third of the atrsal wall on that side, 15 that correct?

Shumacker That 15 correct and, as I smd a moment ago, we
persisted with the mjection until a slowing of the pulse rate and
P wave changes were observed Some other workers have repeated
our expertments and have not tently ob d el d
graphic changes

In Table XV are summarized bnefly the results of some of our
studies Let us consider first those anmnals in wlich moderate
hypothermia was utihzed and not those with more severe degrees
of hvpotherma In one group of expenments after the ammils
had been properly cooled and a thoracotomy performed the vena
eavae were occluded, and the heart was manipulated very roughhy
either by squeezmg it and strking 1t from the ontside or by vigorous
massage of the ventricular septum with a finger mtroduced through
the nght atreal appendage and through the tricuspid valve In these
animals the sectal temperature at the time of such mampulation
ranged from 235° to 275°C Al of the control ammals de
veloped ventneular fibriflation after an average penod of 2 Intle
fess than 5 munutes of venous mmflow occlusion In contrast, those
ammals 1 which a procane injection had heen carned out wath
stood the cardiac tranma without fibrillation  The average time
of the venous mflon occlusion w1s approumately 10% munutes

Expeniments were then performed m a simlar fashion ecept
tnat the stimiilus was esther venous milow occlusion and a stmple

night ventriculotomy, or venous inflon occlusion, night yentrien
lotomy and plicement of sutures 1 the ventniculwr septum These
ammils were cooled to approuimatel the same degree, the tem-
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Blochade Techmique as Protective Measure 287

The durition of the P wave changes was approumately 10 minutes
1n the normothermic ammals and approvimately 20 minutes m the
hypothermic dogs

Horvath What was the temperature of these dogs?

Shumacher These dogs had been cooled 1n cracked ice until the
temperature reached approximately 81°C  Then they were re-
moved from the 1ce bath and the temperature continued to dnft
downward so that at the time of venons mflow occluston, most of
them had achieved a rectal temperature of approumately 26°
or 27°

Ferrer Dr Shumacker, am I correct that your technique molves
the 1njection, not just at the junction of the superior vena cava and
the appendage but throughout that area which was m dotted hnes
on vour imtial shde, an area which to my mmd mvolves certamly
a good upper third of the atral wall on that side, 15 that correct?

Shumacker That 1s correct and as I said a moment ago, we
persisted with the mjection until a slowing of the pulse rate and
P wave changes were observed Some other workers have repeated
our expenments and have not ly ob d el d
graphic changes

In Table XV are summanzed briefly the results of some of our
studies Let us consider first those ammals 1n which moderate
hypothermua was utibzed and not those with more severe degrees
of hypotherma In one group of expeniments after the ammals
had been properly cooled and a thoracotomy performed the vena
cavae were occluded and the heart w1s manipulated very roughly
etther by squeezing 1t and stnling 1t from the outside or by vigorous
massage of the ventricular septum wath a finger introduced through
the nght atnal appendage and through the tricuspd valve In these
animals the rectal temperature at the time of such manipulation
ranged from 235° to 275°C  All of the control ammals de
veloped sentricular fibnllation after an average period of 1 hittle
less than 5 munutes of venous mflow occlusion In contrast those
ammals m which a procame injection had been carried out with
stood the cardiac trauma without fibrillwien The average time
of the venous mflow occlusion was approuimately 10 minutes

Expeniments were then performed 1n a simlar fashion evcept
that the stimulus was either 1enous inflow occlusion and 4 simple
right ventriculotomy o1 venous mnflow occlusion nght ventricu-
Totomy, and placement of sutwes m the ventricnlir septum  These
animals were cooled to approumatelv the same degree the tem
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ventricular fibrillation under the circumstances of the expeniment
Dr Swans group (13} had previously pubhshed a report in which
they found that shmulation of the nght vagus nerve secmed to
confer some protection agamst ventricular fibnllaion We re
peated these expermments nd got essentially the same results
There were 15 ammals in this group One third of them did de
velop ventnicular fibnllation Howesver if we exclude three ammals
m which vagal escape obviously occurred the rate of ventrieulw
fibnllation was only 17 per cent

Sympathetic blockide either by sympathetic denervation or the
admmstration of arfonad and vigal stimulation therefore seem
to offer 1 great deal of protection 1gamnst ventrieular fibnllation

When an upper dorsal symp1ithectomy 1nd stellite ganglonec
tomy were performed and 1 ddition the vagosympathetic trunks
1 the neck were divided we found the rate of fibnllation to be
approumately 40 per cent In these ammals both the vagal and
sympathetic nerve supply to the heart had been severed The only
expernments which are shown m Figure 125 which are not under
standable to us are those which relate to bilateral division of the
vagt distal to the ciwdate gangha Here we found a fibnllation
rate of only 20 per cent When the vag: are sectioned distal to the
caudate gangha the cardiac depressor nerves are left mtact We
wondered whether section of the vagus nerves in this location
mght bring about an axonal reflex but we obtamed no evidence
that this was the case since there w1s no slowing of the heart rate
or other evidences of vagal sttmulation

Sweet May I ask where the candate ganglion 1s? I am afrard
1 do not know the anatomy of your animal

Shumacker The dog has a very peculiar 1 1gosy mpathetic path
way It 1s a common one i the neck As the vagosympathetic
trunks begm to separate nto purely sympathetic and vagal fibers
there 15 seen on the one hand the lrge stellate ganghon which
continues down the anterolateral aspect of the vertebral bodies as
the upper dorsal sympathetic chan  Near the stellate ganglion and
attached to the vagosympathetic trunk above and the vagal nerves
below 15 another ganghion which 1s ealled the caudate ganglion

One ather problem that concerned us was that of coronary ai
embolism (Table XVII) This 15 a serous matter even m normo
thermic arumals It 1s 7 much more dificult problem n the hypo-
thermuc state T may summanze our experiences by saymng that
certun permut the ach t of a satisfactory conver
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Blochade Techmque as Protectue Measure 295

Utihzing the mformation which we had obtamed from all of
these expertences, we were able to perform a nght ventriculotomy
m hypothermic anmmals, make a ventricular septal defect, and close
1t by suture without any mortality

The combmed experience of my own group, that of Radigan and
his assocrates, and that of Hufnagel 15 now large and offers con
vineing evidence that the mjection of an anesthetic agent about the
supertor vena caval atnal junction offers real protection against
ventnienlar fibrillation These studies also mdicate that sympathetic
blockade by operatne denervation or the admmistration of arfonad
and right vagal sthmulation also offer real protection

I would ke now to say a few words about another problem
which 15 related to the use of acutely mduced hypotherrma as an
ad for mtracardiac surgery One of its disadvantages for certan
types of mtracardiac procedures was the brevity of reasonably safe
venous inflow occlusion Most mdividuals feel that this safe pertod
1s somewhere around 10 12, or perhaps 15 minutes and few have
dared to mantan venous inflow occlusion m patients for more
than 6 or 8 mimutes This 15 time enough, as Dr Lewis and others
(14) have demonstrated amply in patients, to permut closure of
an atnal septal defect, or to do an open pulmonary valvulotomy
It may not be a sufficiently long peniod for the careful closure of
a ventncular septal defect or the combinatton of this procedure
with the correction of an mfundibular stenosts

In some expeniments which are not yet published, my assoctates
and T have found that the safe penod of mnflow ceclusion can be
mereased greatly by combmmg hypothermia and blockade of the
supenor vena ctval atrial junction with the perfusion of oxy genated
blood mto the coronary arteries alone, or, better still mto the
coronary and carotid arteries In these expermments the blood to
be used had been fully oxygenated by bubbling oxygen through it
It was perfused by gravity, ordinarily at a rate of about 25 or 30
drops per minute When only the coronary arteres were perfused,
a small catheter was ntroduced mto the ascending aorta and the
aorta was elamped distally so that the catheter communtcated with
none of the branches of the arch of the aorta but only with the
proumal portion of the aorta and the coronary artenies In expen
ments 1 which the coronanes and the carotids were both perfused,
a plastic tube was mntroduced nto the aorta through the left sub
clavian artery The right subclw tan artery was temporanly occluded,
s was the aorta distal to the ongin of the left subclavian artery
When both the bram and the coronry arteries were perfused, the
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ovygenated blood was h d we e d great
1 secuning hemostasis 1 spite of the use of protamine at the con-
clusion of the perfusion For this reason, we used aitrated oxy-
genated blood m a number of anmals This worked very well,
m spite of the fact that a number of other workers have felt that
perfusion of the coronary artenes with ctrated bleod was incom
patible with survinal  When one uses artrated blood, the heart rate
15 noted to slow rapadly once the perfusion 1s begun and soon a
complete cardiac arrest takes place The heart remains very pmnk
dunng the entire period of perfusion When the venous inflow
occlusion 1s terminated, very often a sinus rthythm returns with
simple cardiac massage  If 1t does not a small amount of caleium
15 injected nto the ventncle and massage 15 continued Then a
sinus thythm 15 restored

When the coronancs are perfused with hepanmzed blood the
dog’s heart continues to beat duning the entire periad of venous
mflow ocelusion and coronary perfusion By the end of the per-
fusion period the heart 1s not quite as pink as is the arvested heart
w the ammal being perfused with aitrated blood

It 15 impossible to say at the present time just how useful the
mformation denwved from all of these esperiments will prove in
patients From our small experience and the somewhat larger
expenence of Dr Morrow and his associates, and of Dr Hufnagel,
1t would seem fair to conclude that avesthetic blockade of the
nght atnal.sapenor vena eaval junction affords the patient protec-
tion aganst ventricular fibnilation m the hypothermic state just
as 1t does in the case of the dog As Dr Hufnagel has emphasized,
1t 35 better to use a longer lastng anesthebie than procaine, xylo-
camne for example

T beheve there 15 good reason also to believe that coronary and
carotid artery perfusion with oxygenated blood will prove useful
n patients and wall permut a longer sife period of venons occluston
with recovery At the present time 1 do not know of any clinical
expenences to report 1 have used the method in only one patient,
and this patient’s anatomical situation was such a complicated one
that the fatal ontcome seems better related to ths matter than
to the hypothermia and perfusion techmique 1tself

Montgomery Did you mean the heart when it became some-
what discolored, was a Tittle bit cvanotic?

Shumacker When one perfuses the coronanies with oxygenated
hepanmized blood and cardiac arrest does not oceur, one notices

1008 ]
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as the expertment gees on for 20, 30, or 40 mnutes, that the cardnc
contractions get progressively weaker and the heart muscle becomes
famtly cyanotie i appearance

Montgomery If the cyanosis 15 1dentifiable, this seems a rather
good opportunity to learn whether the perfusion of cooled blood
probnbly equibbrated agamst ovygen will correct the evanosis

Shumacker The blood 1s fully ovygenated

Montgomery That 1s, 1t 1s all oxygenated, none 15 ar-equslibrated”

Shumacker The blood 15 completely oxvgenated In contrast to
the fant cyanosis that ultimately appears w the dog’s heart which
15 working, though at a markedly reduced rate, dunng the per
fusion with heparmized blood, the heart which 1s bewg perfused
with cstrated blood and which 15 at complete rest remams bught
pwk throughout the entire period of perfusion and vena ead)
occlusion T must say that I do not hoow whether 1t will prove
to be as safe to use aitrated blood for this purpose m humans a5
1t has proved in dogs

Crisman Is st stopped m systole?

Shumacher Y am sorry but 1 cannot answer that question

Lewis In our cxpertence with citrated blood, we obtamed ven
tricular fibnihtion umformly, and I think Cookson (15) had the
same expertence, too It was a rather surpnsing difference, othet
wise, 1 think our coronary nfuston expenments have been muc
Iike yours At 25°C, coronary perfusion would provide 20 runutes
of cardac mflow wmterruption with a ventnealotomy, regulr,
but when we tred to merease the circulatory terruphion tme
to 30 mmutes at 25°C, we started gettng lundlimb prralysts 30
some of the dogs

One other observahon we made was that we could use hep?
nuzed unoxygenated blood The arteripvenous ovygen difference
between the coranary sums and the perfused blood was stell ﬂgt
nificant, and we concluded that the cold heart could styll extrc]
a farr amount of ovygen

Shumacker 1 nm:;gd that yon brought flus matter up In 5”{:5
of our experiments we also used blood that was not fully m)xcﬂ; «
with good results We had some ventncular fibnilwon bdll .
the group of ammals perfused with fully o genated b’)‘"’;’ e
that perfused wath mcompletely oxv penated blaod In both
found that we conld bring about successful conyersion "

Lewss This did not get nid of fibrallation i ovr mpcn;‘nc”-
ather We stilf had 1t m the perfused ammals undergong ventrt
Jotomy
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As far as your very intevesting work on the use of smoauricular
node block to prevent fibnliation 1s concerned, I think your evt
dence 15 very smpressne We have not used this techmque and
hence have not confirmed vour results, but 1n our own laboratory,
the use of a ventncul as a test for ventnicular
fibnllation has been rather a complex procedure One of the
vanables that 1s hard to elimmate 15 that of slilf i the man who
does the ventnculotomy Some of the residents who worked with
me have been able to do ventniculotomies with a very low incidence
of fibrllation while others, learning the operation get fbnllation
almost every tme until they learn how to do a ventuculotomy
We have tned to do the ventrculotomy carefully without getting
fibnllation  You, on the other hand, tried to pioduce fibnillation
At any rate i our total expenence with nght ventriculotomy not
as a test operation but for mtracardiac procedures hke ventnenlar
septal defects, we have never had a 100 per cent wadence of
fibrllation Tt was about 45 per cent m 80 or 100 dogs

Because we are so mmpressed with the matter of shill, we are
trying to set up these expeniments so that the surgeon domng the
sentneulotom) does not know what factors such as the mivture
of respiratory gases, have been altered m the experrment  We hope
that this wall provide a vahd control  Actually, I think st 1s almost
as dufficult to get an adequate cantrol m some of these expenmental
operations as tt 1s in clincal experiments

Montgomery What do you feel 1s the optimum gas mixtwie for
use m surgery n the dog or in mun w hypothermia now? Is it
oxygen with 5 per cent CO?

Lewrs We use 5 per cent CO. n oxvgen

Shumacker This 1s « most importnt pioblem and my group
has not made any cffort to determine what giseous mitture 1s
ideal In all our experiments we used 100 per cent oxygen T am
sorry that in order to present the matenal as briefly as possible 1
did not mention the fact that Dr Lewss and others have abo heen
worhing with coronary and bram perfusion  Guertner and tus

1 ) from Bal recently d some experniences
at the meeting of the Surgical Torum of the Amencan College of
Surgeons  They used a mechameal pump mstead of granty flow
The results were rather compirable

Montgomery The perfused blood to the coronary and brum
was at room temperature?

Shumacker We yust took them out of the refrigerator
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Horuath The hepatic blood flow goes up if the ammal 1s shiver
mg If 1t 1s not shiverng 1t goes down Cerebral blood flow has
also gone down when they were not shivering so this increased
ovygenation I am sure must be comrclated to some extent with
an mcrease m flow Whether 1t goes back to normal or not or to
above normal I do not know but 1t certamly 15 related to at

Burton With regard to your piotection from fibnllation by
sympathectomy 1t 15 mteresting that some work by McEachem
Hall and Mannmg (1819) on experimental coronary occlusion m
dogs showed a very marked protectnve effect of sympathectomy
mn preventmng fibrillation which was the event that led to the
“early death of these ammals

Shumacker We have been domng some stmilar studies We have
not as yet analyzed the results of these experiments but I believe
that they are gomng to show that sympathetic denervation does
decrease the ncidence of ventricular fibnillation when the left
antenior descending branch of the coronary artery 15 divided be
tween ligatures at the pomnt of tts ongm

Burton As I remember 1t they did get an effect of a blockmg
agent but not as good as they hoped for This would agree with
your experience wouldnt it?

Shumacker Yes The prncipal disadvantage of the anmesthetic
blockade of the nght atral superior vena caval junction s that
sometimes one utthzes hypothermia for conditions which do not
permit one to carry out this mjecton As examples I mught cte
a very 1ill patient with tetralogy of Fallot who 1t 1s thought will
withstand a pulmonary systemic shunt operation better under
hypothermia than under normothermic conditions or the patent
who 15 bemg operated upon for some cerebral difficulty under
hvpothermia We have used the mtravenous sdmmstration of
arfonal m a few patients operated upon under hypothernua for
resection of a thoracic aortic aneurysm \entricular fibnllation did
not occur 1 this small experience

Horuath  Cookson about 4 years ngo reported autonomie block
ng agents are effective m preventing fibnllation (20)

Sucet T wanted to ask you a httle about the autonomic block
ing because Botterell and associates (21) have made this observa
tion  Of the patients on whom they were operatmng for an mtra
crantal anenrysm m the hypothermic state the onfy two who went
mto ventncular fibnllation had just had a rather marhed fall m
blood pressure produced by arfonad I see that when you gave
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this drug you produced rather substantial falks to an nenge
systolic Jevel of around 60 mm Hg Did you gne the agent so 5
to bring about the drop fawly gradually wnd then muntam st at
that level? Do you recall offhnd your etact tachic i provohmg
the drop m blood pressure? Perhaps 1t was not stawdardized

Shumacker In the animal expenments we used arfonad 1 suff
ctent dosage to bring about a substantral drop m blood pressure
This wns admustered tust before vena caval occluston 1nd of
course dunng vent ewal occlusion artenal blood pressure was
not mamtained

In the few human patients with thoracie aneurysms m which
Ihave used arfonnd a vesy mashed drop 1 blood pressure mas
deliberately achieved I feel confident that none of the methods
U have mentioned provides absolute protection and I am not sur
pused that D Sweet knows of two clmicl cases in which fibrilla
tior did occur durmg the admunstration of arfonad

Stmeone In your ammals Dr Shumacker 1 gather vou did not
use so much arfonad that you got 1 vers sizable drap n blood
pressure 15 that night?

Shumacker Tt was a rather sizable drop On the avenige the
blood pressure was reduced from 4 systohe pressure of 153 to
60 mm Hg

Sweet I mught make one more comment I am sure 3ot “'f
aware of this but with regard to perfusing the brun m man A
does not of course suffice to put the blood mto one caratid One
would have to t1he the trouble 1 man to ptit 1t m the 1scending
arch of the aorta "

Shumnacker That 1s essentially what we did We placed the
phistic tube 1nto the arch of the 1orta through the left subclavian
and we occluded the other subclivian at the pomt of ns ong&g
and the thoracic aorta just distal to the pont where st gnes ot
the left subclawvian  Ths 1s not difficult to camy out an a P-‘“"‘d
It takes only a short whle to 1solite both subelivian artertes “ﬂ;{
the gorta if one has a lateral thoricotomy with transection
the sternum
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CLINICAL APPLICATION OF HYPOTHERMIA
DURING OPEN HEART SURGERY

F JOHN LEWIS

Department of Surgery

Northuestesn Umzersty Medical School
Chicago 1!

Hypormersuia FOR cLiNicav use has undergone penods of popu-
lanty m the past and then faded out, but perhaps the present
enthusiasm for its use will be more Jasting It will take some time
to tell, of course  Our main mterest in the use of hypotherma has
been as an aid for doing open mtracardiac surgery Followmng the
work of Bigelow (1) and Boerema (2), we began to study the use
of moderate degrees of hypothexmua (about 26°C ) m order to
do open heart operations m dogs

‘With hypothermia we learned to operate successfully on both
the atnal and the ventricular septum, withmn all four chambers of
the heart, and on all of the valves of the heart After we had
developed 2 successful technique for operations on the atrial septum
n dogs, we started using that method to repair atrial septal defects
under direct vision on man a little over 3 years ago

Smnce then, we have used the method to do open intracardiac
operations on 49 patients In additton, we have used 1t on three
patients with extracardiac operations We have also used hypo-
thermra to do a few cancer operatrons mecludmg four total nght
hepatectormies and one pelvic evisceration done while the aorta
was occluded to provide b In addition we have used
surface cooling to treat 25 desperately 11l patients with high fexers,
something m the manner of the technique used by Labont (3)
and known as ‘ Artifiaal Hibernation” 1n France

Smce there has been considerable mterest 1 the presentations of
Dr Smith and Dr Andjus I thought I might go mnto more deta
concermng our somewhat similar work 1n deep hypothermin and
merely desembe the cmnel work rather hoefly to bheqn, with, 1f
there 15 any nterest in particular aspects of fhis clineal work, I
will, of course, be glad to enlarge upon 1t
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Our biggest expenence has been 1n repamrmg mteratril septal
defects and so I will descnbe the method we have used for that
operation We anesthetize the patients with pentothal and flaxedil
{a type of curare preparttion) and then after attachmg electro

diograph leads and ther we cool the patients with
surface cooling as shown m Figure 126 Though we have used
both arterrovenous shunt cooling and surface cooling 1 anmmals
we have used only surfrce cooling in man and we usually cool
the patient by applying special blankets at a temperature of —4°C
This 1s a relatively slow type of cooling in compurson with that
used by some other clintcians and 1t may take as long as 8% hours
to reduce the body temperature to 30 C the level at which caol
mng 1s discontinued nd operation started During the oper:tion
the temperature dnfts down to a level between 245 and 295°C

The patients chest 1s opened through a bilateral transverse
musion with division of the sternum and entry mto hoth pleural
cavities  This provides an excellent exposure of the entire heart
Then preparntions are made for the cwdiotomy Perhaps the
most important step mn these preparations 1s the digital exploration
of the mtenior of the heart which 15 done by mserting + finger mto
the right atnum or 1 some more comphieated cises nto both the
nght and the left atrta In this wy we can get a farly good under
standing of the surgical anatomy of the defect head of time and
thus plan the repair to be done duning the open cardiotomy quite
precisely

Following the exploration we set up our instruments and re
hearse the team Each stitch that 1s to be used and each step of
the operation 15 discussed Fimally the eweulation 15 interrupted
by occluding the supenior 1d mferior ven cavae Followmg this
both pulmonary roots are occluded with 2 tourmquet m order to
stop any drift of blood nto the atrin dunng the cardiotomy which
might otherwise partially obscure the field

The reparr 15 then completed aind as the last stitch s placed
the left side of the heart 1s filled with saline mjected through a
small plastic tube which 15 nserted mto the left atrrum through
the repair This 15 to prevent ar embolism

T should mentson that we also employ another precautton to
wod ur embolism  The outflow of the heart as well as the mnflow
1s nterrupted during the cardiotomy and this 1s done with a clamp
one arm of which 1s placed through the transverse sinus of the
heart When this clamp 15 closed both the nort: and pulmonary
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artery are occluded After the left side of the heart 1s filled with
saline the mght side 1s filled by releasing one of the cavae and
the atnal wound 1s then closed with 4 clamp  After this the circula
tion 1s restarted by sumply releasing the vanous clamps and higa
tures

The length of circulatory mterruption has ranged from 3 to
minutes  The median time of circulatory interruption was 45
munutes  After the chest 1s closed the patient 1s rewarmed m a
bath of water at 45°C Rewarming m the bath has taken from
15 minutes up to an hour and a half

‘The atral septal defects we have closed are listed m Table A
according to anatomical type For the surgeon who 1s gong to
do this type of surgery the special pathologic aspects are of great
mmportance The anatomic charactenstics of these various types
are distinct and the techmiques of closure needed vary consider
ably Some of the defects are complex whereas others are smple
openings which c1n be closed easily with a continuous stitch

To us probably the most interesting defect has been the Tugh
defect hsted n Table XI\ These high defects are completels
separate from the foramen ovale and they he just beneath the
superior vena cava They are wvanably associated with partsal
anomalous pulmonary venous drumage thus mahmg the repait
difficult The pulmonary blood must be accurately duerted sto
the left atrum

From another pomt of view the low or ostum prmum defects
are difficult too for m repamng them 1t 15 qute easy to inure
the conduction system All three patients with this defect have
had complete heart black at one time or another after the repar
In general however the results of operating on atrial septal defects
have been good and the defects are apparently completely °I°§
at least m most of the cises We have done postoperative cardn¢
cnthetenization studies on 22 of the patients nd with the excep!
of one case none of them has shunts remumng This except ‘";
was the first lugh defect we encountered and 1t 15 now ap[’“::d
that we mussed a high anomalous pulmonary vemn which ente
lhe superior vent eava

There were five deaths Two deaths are Jargely attnbutable to
the cold for the patients died primanly of ventnicular ﬁbrlﬂanzl:
One death was caused by heart block one to postoperative hem "
rhage and one to a techmcal error Three of the deaths were
adults but most of the patients have been adults

"X
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TABLE XIX
Surgery for Atrial Septal Defects

No of

Patients
Foramen ovale defects a7
High defects 9
Continuous defect 1
Persistent ostum primum 3
Unknown (heart not opened) 1
Total 41

{5 deaths)

The median age 15 23 and twelve of the patients were over 30
The oldest patient, aged 61, was a successful case Hypothermia
15 quite safe for adults, though 1t 15 probably safer for infants
and children

This method of domg open ntracardiac surgery 1s h 11
sumpler than the other methods and a mechamcal breakdown 1s
never catastrophic Then, as another advantage, 1t requires a rela
tively small surgical team, so the responsibility of bemg mn a post
tion where a fatal human error can be made falls to only a few
people  Furthermore, complexities of shunting the blood outside
of the body are avoided, and finally this method provides a drier
operating field than other methods for operating mside the heart

The method has two principal disadvantages One 1s the Iimited
time allowed for an mtracardiac operation This handicap can be
overcome, at least partially, by exploring the heart as T described
and by planning the ntracardiac repair carefully beforehand Esen
fauly complex defects can be repared mn 1 few mmutes We have
recently successfully repawred a tmatnal heart, a very unusual
defect, and we have also tepared successfully a heart with total

lous pul y venous d i which all of the veins
entered the nght atmum  This Iatter repur required first the con-
struction of an atmal septal defect, and then the reconstruction
of the nght atrum to divert the four pulmonary vems through
the newly created atnal septal defect mto the left atnum without
obstructing the cavae The child who was formerly cyanotic, now
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appears to be normal, he has 1 much smafler heart and 15 no Tonger
cynotic

Tarrly complex operations can be done within the time Limuts of
moderate degrees of hypothermia but there are methods of extend
g the time hmitation 1f more time 15 required  One method 15 by
adding coronary perfusion Dr Shumacker has mentioned this
We have studed this techmque experimentally and used 1t for two
atrial septal defect repairs but 1t may be unnecessanlv comples
at least for this parhicular type of heart operation

The time period allowed for total mflow occlusion can also be
eatended by using deeper levels of hvpothermia but when deeper
levels of hypothermi are used the meidence of ventrienlar fbrlla
tion tends to increase This brings us to the second mam dis
adyntage of hypothermia for open cardiac surgery the tendency
of the heart to develop ventrienlar fibrillation

Among the first thirty two patients upon whom we did open
henrt operations there were eleven cases of yentriculwr Sbnllabion
1 hugh maidence  All except one of these hearts was successfully
defibnllated but nonetheless 1t 15 a complication we would kke
to avord

In order to mvestigate this complication experimentaily we tred
to devise a modufication of Wiggerss (4) experiments m which a
measured electrical shock commg in late systole was used to pro
duce ventricular fibnllation This we did by taking the pulse from
m electrocardiograph machme through an electronic device fo
tngger a Grass stimulator A delay m the Grass stimulttor allows
one to phee the shock at 1 precise time durmg the cardiac cycle
The height of the QRS complex 1s used to tngger the Grass sttt
lator and with 1 delay of about 150 msec 1t depends on the heart
rate of course as the ventricles can be shocked durmg the period
of Inte systole when the heart 1s particularly sensitnve

These are rather complex experiments and we gave them up W hen
we started getting a paradoxical result We found that it w 1s hrder
to produce fibnllation m the cold heart than 1t was 1 the \\.\m;
heart It seemed apparent then that this was not the type o
fibrillatory stimulus we had to worry about when operating on the
cold heart

For the next expennment we used rats bec:
of ammnls might be needed The rts were to
fibnllated Then we could try vanous met
ncidence of fibrillation  When we started working o

ause A Iarge number
be cooled until thes
hods to reduce the
n these amimals
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we found to our dismay that they did not fibnllate easily Dr
Suad Niazi, who id this work, found that they went mto cardiac
standstill but smce they were rather expensive he did not want to
discard them, so he tried to rewarm these cold, apparently dead
1ats, and found, surprsingly enough that they could be revied
This work was done mdependently of the work that Dr Andjus
described, but, as you will presently see, 1t has been quite sumilar
n many respects We started these studies i 1953 (5), but, as you
know, Dr Andjus’s work (6) was started earher Figure 127 shows
the setup Dr Niaz1 devised for cooling rats to low body tempera-
tures We have always used artificial respration throughout the
expeniment The first respirator employed a small electric sewing
machine motor The anmal was cooled with blankets which can
be lowered to temperatures below freezmg difficulty

Table XX gives the results of Niazs’s first experiments The rats
were respired with compressed arr, cooled until the heart stopped,
and then rewarmed with hot water

The maymum time that the heart could be stopped with sur
vival was about 3 hours Ammals Lept at temperatures below
10°C for 15 hours would occasionally have a resumption of heart
beat but the ammals neser survived

Andjus What was the temperature range m which these amimals
were maimntamed?

Leuss All below 10°C

Andjus What do you mean by that?

Lewts The lowest was —3°C and the warmest was about 10°C
The average was 53°C

This was quite 2 striking result, especally since we had not vet
heard of Dr Andjus’s list Our resp had an
mefficient cycle n which nerther mspiration nor respirition took
place using 1/3 of the cycle so we bought an electromcally con-
trolled respirator that 1s very eficient the Jength of exprration and
inspiration can be controlled separately ind there i1s no pause

etween mspiration and expiration

Smuth What 15 the point of giving artificial respiration if vou
have stopped the heart?

Letwts After the heart has stopped beatmg for 5 minutes we
discontinue the respiration It may be dangerous to continve 1t
Some recent work of ] H Gibhon's* with the heart lang machine

*Unpublished dita given m a speech at Postgraduate Course on Cardiovascular
Dnese Cln eal Congress Amernican College of Surgeons Nov 2 1955
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TABLE XX
Survival of Rats After Cardiae Standsull at Low Body Temperatures
Duration of No of ! et |_Short Suraval | ponge
Standstill Ammals Rewammgxm Survival |
I 95 to 44 min 12 ‘ 0 0 7 | s
I lto 8hr 2] 8 8 4
M Stlh | L ‘ 10 r 4] 0 I
*Kept for at least 2 months after coolng

Reprinted by penmsson from Niazm § A and Lewss F J  Tolerance of adult
'I‘?S(IQSDS 5mfmmd typothermua and simultaneous carchac stindstill  Surgery 36

suggests that contimuation of respiration while circulation through
the lungs 1s stopped may produce an alkalosis . the respiratory
membranes which causes a dimmished gaseous exchange m the
recovery pertod

With this new respirator and using oxygen Dr Niazt was not
able to resuscitate ammals cooled to cardiac standstill at these low
temperature levels This was a perplexing finding but remember
mg the deficiencies of the first respirator he added carbon diouide
to the respiratory maxture and was agam able to achieve approu
mately the same results as he had earher

At the present time the technique 1s to anesthetize the rats wath
pp fy 40 mg o bito! sodum per kilogram of
weight and then cool them A transoral intratracheal tube 15
attached to the respirator and the amimal 5s gren 5 per cent carbon
dioude 1n oxygen at a respiratory rate of 30 per mmute When
the heart stops between 3° and 6 C the respiration 1s stopped
as well

The ammal 15 left 1n a state of cardiac and respiratory standstll
for 2% hours and then rewarmed by applying hot water to the
chest until the heart starts beating  The respirator 1s then started
and hot water 15 apphed to the entire body  With this techmque
twenty of the Jast twenty four rats surned for at least 24 hours
nd sixteen huve been long term sunvnvors Al of these last twenty
four rats had transplanted cancers because we wanted to see if the

eep cooling mght kill the cncers  To our surprise n twelie of
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the sixteen which survived coolng, the cancer regressed completely
Among the twenty four controls the cancer regressed completely
n only four Expenments of this type will have to be pursued
further, but they illustrate a search of a possible practicil use of
the method

Montgomery Backing up Dr Temple Fay’s work

Lewis This 1s a follow-up of Temple Fay'’s work (7) However,
ke was never able to cool Ius patients much below 26°C  He used
local cooling of a more mtense degree and some tumors really
regressed even though none of them was cured

Horvath Might I correct that statement a little bit? I think it
was quite possible for Dr Fav to lower the temperature much
below the 78°F he did but at that time 1t was not considered
feasible from the standpomt of effect of low temperatures

Lewts This may be true, yes On reviewing Dr Tay’s publica-
tiens 1 have concluded that he probably would have reduced the
temperature considerably below 78°F 1if he had been able to do
this Tt 15 clear that he felt that temperatures of 40° to 50°F were
more effective aganst mahgnant growths than higher tempera
tures  For example, this 1s a quotation from a 1940 article (7)
“With the contmued biopsy evidence that degeneratne changes
could be produced to a marked degree bv local refrigeration at
temperatures between 40° and 50°F as repoited by Smith and my
self 1t was natural that attempt should be made to reach the deep
structures which, of course were not influenced hv local apphea
tion of cold ”

The electrocardiograph tracings i Figure 128 illustrate the effect
of giving carbon dioude to the rats Without carbon diovide there
1s 2 lugh incidence of heart block and when the heart finally stops
beatmg 1t stops at higher temperatures usually around 15°C With
carbon diovide there 15 less heart block and the heartbeat contmues
to lower temperatures before 1t finally stops This of course 1s
an adsantage

At19°C 1n Figure 128 the carbon diouide had been discontinued
for a few minutes and a complete heart block resulted With car-
bon diovide agam a regular smus rhythm was restored It contmued
even down to 5°C m this case

Horvath Do you think that 1s caused by the carbon dioade or by
arbificsal respiration?

Lewss Artificial respiration 1s at the same rate throughout
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Burton But this 1s a tremendous overventilation which would
lower the carbon dioxide enormously Perhaps you are just restor
mg the normal pH

Lew:s T think that 1s true but we do not have pH deternuna
tions 1n these amimals however we do have some 1n dogs which
I will show you later

Another way of controlling the pH 1f that 15 the man mechanism
as 1t probably 15 would be to change the respiratory rate appro-
puately It can be done of course by gradually slowmg the res
piratory rate but there are some practical disndvantages In human
subjects for example 1if the alvcolar carbon dioude 1s followed
with a mass spectrometer which 1s a fanly complicated technique
and the respiratory rate and \olume adjusted m order to heep the
alveolar carbon dioxide at the level considered deswable the pH
can be kept constant  But then when the chest 1s opened the fungs
collapse at that very slow respiratory rate Collapsed segments of
the lung will shunt blood without allowmng it to come 1n contact
with alveolar wr So 1t scemed more desirable to us to heep the
lungs inflated with the chest open In order to do that the mnmte
respiratory \volume must be sped up

Horvath Were these amimals chests apen?

Lewss No

Horvath Then there 1s no comparison between the two groups
of experiments I think one of the big problems with most of the
hypotherma work 1s that what happens n open chest anumals 15

pared with what hap i closed chests What happens in
the open chest 15 described and then 1t is sud that that 1s what
should happen in the closed chest hut those things are not at att
comparable

Lewts No they are much different I agree

Horvath So the interpretation of the techmques used
chest 2gamst closed chest will st give results that compheate ;}ﬁr
picture and just confuse the 1ssue  Certamnly 1t has been true 8 nt
people have been able to lower the temperature of antmals Jus
on awr without any additional carbon doade

Lewrs Not to these levels "

Horeath Without hyperventilaion  les down to these )e\eS{

Lewis 1 know of no one who has lowered the temperaturé o
ammals to below 10°C without carhon dioide with the e\mpg"“
of Frank Gollan (8) who uses a heart lung machme and then
the picture changes

with open
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Horvath Ths 13 a particular species you are usmg?

Lewws These are mongrel dogs  Adult dogs are those that have
all of their permanent teeth and are probably ever 2 year i age
We differentiate between the old and the young because they
responded differently to hypothermia

Al of the ten adult dogs cooled with oxygen alone wang 2
respurstary rate af 10 per minute Abrlated at temperatares
tween 19° and 23°C  This 15 consistent with the results of many
other mvestigators who have tned to cool dogs to tempesatures
below 20°C

Horvath What volume of ventilation was there?

Leuns We do not hnow the volume of ventilation but the pres
sure goes up to about 15 mm Hg during mspuation

Using 5 per cent carbon dioxide n oxygen eleven young dogs
were cooled nd to temperatures below 10°C without ventricufar
fbnllation In all of these eleven the heart continued to beat but
none of them was successfully resusaitated Twelse adult dogs
were also mwven 5 per cent carbon dioade and ovygen Eleven of
them fibnilated thongh at Jower temperatures thn was the case
when oxygen alone was used In the twelfth dog the hewrt con
tinued to beat down to a level below 10°C  When we chug
the technique and employed 10 per cent carbon dioude and ovygen
after the temperature had fallen to 80°C  eleven dult dogs \:erc
cooled to temperatures below 10°C without fibniltion None
of them however was successfully resuscitated

Tn rats and this has been true m Dr Andjuss experiments too
one of the keys to successful resuscitation appes to myohe & rlte
abibty to obtun cardiac standstill rather than a continued hea .
beat at the very Jow temperatures We hue achie ed this m ‘0;“
dops by another techmque Thirty exght young dogs were Cmt)urc
with 5 per cent carbon diouide and oxygen until thewr temperd
reached 20°C  and then the cirbon dioude was discontinu ﬂ;’g
they were cooled further on oxygen alone In these eq)enm:’n:m
seventeen of the thirty exght went mto cardiac smndsnﬂnﬂfmm
average temperature of 125°C_ They were hept 1t standst o
one half hour to an hour and a half_and thirteen of them surih
Eaght of the thirty eight fibnillated and none of these sur; l" o
Thirteen had a continved hearthet down to temperatuses Be
10°C and only three of these sursived od

The blood pH values dunng these experiments e mlzft:;ese
n Fagnre 129 If ovygen 15 used contmuously  hule cooling



T ¢

Oxygen

/0, B,
Oz‘\

an

Erealhlng °
O, Breayy ng

m
ns a5 teliy,

Y Broywp, and
body 7

t norm,) te;

OC ate
cathon d oy e
ne

iZes for the Mimg]g
Wt 2000

20
Rewarmlnq

W th reg, Tatory m g
J‘(

a Stnking fashion Whe, earhg,
Iy e 'ghtl, beloy,

n
€l constany leveg sly

s rhon
SH0t up ¢, gy Tevels
Miller 9

a s,
npertyre Produyceg

ures

 the P rema ’
Zen the'\f goes g, Fap iy
2d Lew s T Protyms A port
S 1956)

n

319

of ¢ hop
relat

diovde

Ticul )y



320 Cold Imjury

fibnllation almost without exception, yet among onr cold ammals,
45 per cent went mto standstil} rather than Sorflabon Thev wsed
Iugher concentrations of carbon dioxide, howeser, and for a longer
period than was the case n these particular expenments

The plasma carbon dioxide values, which are shown m Figores
130 and 131, change in 2 predictable manner In the ammals gnen
oxygen alone the carbon dicude drops  Given carbon dsowde and
oxygen, the plasma carbon diovide nses shghtly

The only other blood chemical value we hive much mformation
on 15 serum potassium and 1 all the experments, whether carbon
dioide was used or not, the potassmm tended to drop durmg the

» "
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2541
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Plasma CO; mM/L

o et maves stom _,g::x::c:r:ﬂ‘:f
40 30 6 10 o i 0 . 30
Temp®C Cooling Rewarming

a3
Ficvne 190 Plasma carbon dlovide in dogs during coghng \[v’\w?_ 0], al}‘f;io:nd

Teprinted, by permssion from Nuzy, §_ 4, and Lewl
i‘;;:then‘;{;a et dag Surg Gymec & Obst 10T, 8§ (1636)
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use heavier doses of nembutal Thus the adult ammals cooled to
these low temperatures had between 55 and 75 mg of nembutal
per Milogram of body weight a lugher dose than 15 required m
order to cool these anumals without carbon dicude  We have not
lewned yet whether or not the deeper level of anesthesia was a
factor m lowermg the madence of fibrllation though 1t mav hate
been one

Belinke 1 think that ane of the things to stress 1s the benefial
effect of carbon drouide 1n igh concentrations not only m promot
ing dissocrition of oxygen from oxyhemoglobm but m Jowenng
metabohie requirements  Along this line T would hhe to pomnt out
the high survival particululy of brun tissue despite concentratons
of shaled carbon dioude above 80 per cent In anesthetized cats
respirihion will come to a stop if the cat s allowed to re breathe
an atmosphere to which suficient oxygen 1s supphed Vith the
concentration of carbon dioude at about 30 per cont it 15 possible
to produce mesthesia even with 20 per cent carbon dionde The
value of cwbon dionde m very hugh concentrations shauld be
mestigated further and I should bhe to ash Dr Andpms why he
used carbon dioxde Did you have m mund 2 speaific beneficial
effect?

Andjus Farst of all 1 was not the first to vse carbon dwude a5
a coolmg agent It was done by Dubors {10} some 60 yeurs ago
I knew that cwbon dionde depresses the heat regulttion
suppresses shn ering

1 shall give some Bgures about the lethal concentrations of carbon
doxide  According to Giaga wnd Markovie (11) 50 per cent car
bon dioxide m oxygen 1s necessary to kil a rat at normal bod)
temperature and 1t 1s only about 25 per cent carbon dioude that
1s lethal for a cold rat of about 20°C  So lugher concentrations ¢
carbon dioxide cnnot be used withont danger when deling with
hypothermic ammals  The touctty of carbon dioude mereases # uth
the f2ll of hody temperature

In our experiments we used both progressive
capma I have found that the oxygen consump!
already reduced by low ovygen tension dimmishes even more s
carbon dioxide 15 2dded to the gas muxture

iat amount of carbon dioude mesthetizes 2 it
evel at what body tem

hypoxte and hyper
tion rate which 15

Montgomery Wh
m hypothermua? What curbon dioxide |
periture?
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of these patients and 1n some of them an effort had been made,
usmg a mass spectrometer to keep the alveolar carbon dioude at
a relatisely constant level but nonetheless 1 ten of these thirteen
the pH rose above 7 45 when the temperature of the patient was
below 80°C Tne of these ten had ventricular Rbrllation The
three m whom the pH stayed below 7 45 did not fihnilate In three
of the ten patients with agh pH levels the pH rose above 76 wd
all three of them had ventnienlar Sbrdlation

We have used 5 per cent carbon dioade m oxygen i fiteen
patients undergomg open heart surgery durng hypothermia  Onlv
one fibullated This was a 54 year old man who had coronary
artenosclerosis as well as pulmonary by pertension and an atnal
septal defect There has been a lower incidence of fibnilation since
we have used carbon dioxide but our skill T suppose was greater
too i these last operations It 15 hard to reach many conclusions
but the chmeal results suggest that the change m technique has
been worth while

The studtes i decp hypothermia with rats and dogs led ws 0
see if deep hypothermia could be aclesed 1 prumates too 50 8¢
tried monkeys So far we have only cocled five monkeys toa ssc(\:!e
of cardie and respiratory standstll at temperatures below 10
but we were gratfied to find that st was simpler to cool mouhey §
than 1t was to cool dogs Four of the first five monkeys sunwe
with penods of cardiac standstill from 30 to 56 minutes duration
with no evident damage These four monheys are shown 1 Figure
134 5
The respiratory gas has been 5 per cent carbon dmt:’dt'tcﬂfzn
oxygen throughout We did not have to shift to oxygen at 20
order to achieve standshill as was the case m dogs

[Presentation of motion picture with the following comments
by Dr Lews ) e

Sweet You stopped the ventilation on the monkeys when ¢
heart stopped?

Tewls Yes One monhey was respired from
of 10 per runute His u-)r’npcra!ure was 355°C when fe v
nesthetized and mtubated nd the cooling was storted e

The pulse rate was about 180 a munute ta begm with dB‘ e
time the temperature had faflen to 23°C there w1s ?!rt;‘ﬂ i«_;lrldmc
a stnking reduction m pulse rate with Jengtheming o the

the start at a rate
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ences md takng the Fgure for the e of perfusson we could
emerge with an accurte estimate of the cerebral metabohe rate
of the dogs Thus we did get thns crued mformation from them
even though we also found out that this did not seem to be 2 very
safe way to cool the dogs braun

These cerebral metabohe rites for dogs cooled to tempertares
of the order of 25°C ran from 23 up to 35 per cent of the normal
of the order of 1 quarter to 1 turd of the normal metnbolic rte
This medentally was about parillel to the drop w totad body
axygen ption At this temperature  With this mformabon
then we felt that if we cooled our patsents to this Ieve] we could
effectuely occluds the corebsal arenhtion for ot Jeast three tunes
as long as we could with them at body temperatures

We also got further useful informition from the ammals whost
brains were cooled by perfusion of cold blood numely that with
an electroencephslographic tracing in progress throughout this
period we 1cqmred a good iden of the degree of normibty of
cerebral function or at least of the electrcal sipns thereof We
found as others had found that m the hypotherme state the
potentials m the clectroencephalogrim were generally redueed
with 1 greater prommence of the slow waves With further depth
of the hypothermin dropping out of these slow waves 1 succeed
by electneal wlence

Fremont Smuth At what temperature did you pet the silence®

Sweet These dogs were not cooled to Jow enough evels to
fatten the LEG to a strmght line by wrtue of the hypothermia
alone Electrieal silence tended to apperr at vhowt 20°C m the
wmankeys of Caftighan McQueen Seott nd Bigelow (3)

Fremont Smith Did you trn amv buned clectrodes or onh sur
face electrodes?

Sucet Cerebral temperature was recorded from 1 thermocouple
buried w the cerebral hemisphere hut the rlectroenceph ilogram
was obtamed from 4 pawr of electrodes rosting onh on the exterml
surface of the dury mater

Tremont Smuth No deep ones?

Sueet Not on the brun

Fremont Smuth 1 meont down i the thalamus or Tower

Sweet No we do ot have wy data from depth electrodes for

EEG recording within the bram
- - CRER ¥ ¥ N rE-+)
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Swcet At any rate we hoped that the bram waves would be a
rehable early indicator of cerebral ancwa n the hypothermie state
Such anoxia at normal temperatures ncreases the number of slow
waves and reduces the general amplitude of the tracmng  One other
test of the safeguarding effect of the hypothermra was obtamed by
this kind of manewver, once the dog w1s cooled down mto the
low 20s, he was then changed from his ventilation with room air
to ventilation with 100 per cent mtrogen Fight dogs were venti
lated 1n this fashion for from 15 to 30 minutes All but one mde
a complete recovery without climcal evidence of any neurological
deficit from the anoa when they were at these low temperatures
Actually, the ECG usually showed marked abnoimahty before
EEG changes were stnking The one ammal with a gross ab
normahty m the EEG after hyperventilation with 100 per cent
mitrogen did have a chimeal neurological defieit upon rewarming
Since that amimal had lost over half lus blood volume the hypo
thermuc state had i that case a prejudiced chance to demonstrate
its value But this expenience did suggest that giossly abnormal
brain waves constitute an indication to restore the cerebral ctrcula
tion to normal

Montgomery How long can the normothermic dog breathe 100
per cent mtrogen and make a complete recoverv?®

Succt No dog was ventilated on pure mitrogen it noimal tem
peratures  This was a device which we used m an effort to provoke
complete anova as rapidly as we could m preference to say,
shutting off the blood supply It proved exceedingly difficult to
occlude the blood supply completely to the dogs baamn because
there will always be some going up along the anterior spinal artery
and this 1s hardly a feasble structure to occlude

Montgomery Would you expect at normal temveratme that
damage would occur after 3 mmutes of nitrogen mhalation?

Sieet Wemberger Gibbon and Gibbon (6) have demonstrated
that 8% minutes of complete vascular occlusion to the bramn tn the
cat 15 the Iimt beyond which the ammal will not fully recover

Hortath With 100 per cent mitrogen 1t 1s 90 seconds

Steet That incidentally, demonstrates the point that the mtro
gen mhalation 15 a more cutical test because 1t actuallh washes
out the oxygen that 1s already there and 1lso deprives the indi
vidual of fresh oxygen

Montgomery And that produces some permanent dimage not
just transient?
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Horunth  Permanent damage with dogs at 90 seconds, but
transient damnge with man, m roughly a muwmte or & mumute and
a half

Sweet This 15 all the more encouramng to me because we were
taking & 8 minute figure as the safe mrumuns for complete anoua
m the normothermic state (6) As I saud, the period of toleration
of such hyperventilation with mtrogen 15 from 15 to 30 minutes
m the dog at about 25°C  or ten to twenty times as long as the
pertod tolerated by the dog at normal temperature, according to
Dr Honath’s statement

At the same time that Lougheed and Kahn were domg this work
m our laboratory, Rosomoff and Holaday (7) in New York were
alse measuring cerebral oy gen consumption by puttmg a flow
meter mto the artenal input to their dogs’ bruns They emerged
with simslar results, namely that at 286°C ¢ to % as much oxygen
was consumed as at 85°C  We heard Dr Shumacher tell us that m
four mdnduals m whom cerebral blood flow measurements hase
been carmed out m man at low temperitures, a simitir reduction
m cerebral oxygen consumphon 15 achies e

Actually we have a sery much simpler task neurosurgically than
the cardiac surgeon has We are not gomg to operate on the heart

it least we are hoping not to have to, so that the direct stumulus
to this structure to mitiate ventneular fbnllation will be absent
Purthermore the arrest of crculation we wish to achieve m order
to operate on an exceedingly vascular lesson withm the depths
of the bramn 15 so reathly carned out, myvolving as 1t does only
occhision of two carobid and two vertebral artenes m the neck,
that it is not a one time matter as 1t 1s with the cardiac surgeon
His complex careful maneuvers to achiee 1 dry wtracardiac feld
and then restore the esrenlibon virtually preclude fus domg this

more than once durmg an operation
In our patients N o 1 as many
trmes 15 we hke that the
gk v oo olood flow

cardiac surgeon does not nave, wL o w
to this area a bit we can let the attenies bleed ont mto the field
and not lose a dangerous amount of blood

The prmcipal re1son we need 2 dry field or a field that 1s nearly
dry is that we roust handle the structures ~djormng our lesion with
the utmost care If we try to such anay the Bload as rapidly as

1t comes anto the field from a highly sascular lesion, we are ha);le
to suck awey a bit of the nervous structure as well and crwse the
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death of the patient, so that our need for a dry field 15 of a sub
stantially different nature from that of the cardiac surgeon In line,
then, with these needs, the first cse that we did, a massne arterio-
venous malformation lymg just above the thalamus i the mid
bramn was a patient 1n whom we were able to occlude both carotids
and both vertebral arteries for a total of 47 minutes This 47-
mmute occlusion was spread through seven different intervals over
the course of 2 hours This young man woke up from this pro-
cedure and, m the Iinnted appraisal that we were able to make of
him m the 5 days that he surived we thought that his mental
status mght well have been normal or recovered to normal

He died of something that we had not anticipated at all We
had thought that we might be troubled m these patients with post-
operative hemorrhage because of the prolonged bleeding and
clotting time known to accompany the hypothermic state, but this
young man developed a thromboss at the site of one of our occlud
mg pomts on one vertebral artery This thrombus slowly propa
gated, or so we assume, up alongside his bramn stem and at the
time that the thrombosis extended mto the vertebral artery up
near its junchon with the baslar artery he deyeloped rather rapdly
respiratory difficulties and died when there could no longer be a
retrograde flow from the basilar or other vertebral artery

Since that time, we have come across the work of two Swedish
mvestgators Gelin and Lofstrom (8) who found clumpmng of
erythrocytes n the hypothermic state the same sort of thing they
say, that Kmsely (9) showed i traumatic shock

Fremont-Smuth  Sludging

Sweet Yes, he called it sladging This has naturally been a
source of major concern to us because 1 the relatnely much
smaller vessels with which we are working, thrombosis 1s 2 major
problem with us, anyway, when we do any work on any of the
cerebral trunk artenies One tlung that we have since done 1s to
make our occlusions 1n an evceedingly gentle fashion and now
mstead of using rubber-shod climps on the two smaller vessels,
the two vertebral artenes, we occlude by pressing them gently
against the bone on which they he Even the oceluston of all four
of the trunk artenes mm man may not produce a completely dry
field w the bramn, but we can contwol the Litle hemarhage re
munmg n the field satisfactonly

T am anxious to get some help on a number of points here In
one of our cases, just after we transferred the man from a bath tub

v
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filled wath wcewater to the operiting table, lus electrocardiogram
showed alwmmng changes

These consisted of enormous lugh voltage wanes, nearly twice
as hugh as the ordary QRS compley, and spread out over an
mtervil of about three to five tumes the width of the ordmary QRS
complex, we had never seen anything hke this before, and n fact,
the electrocardiographiers in Dr Paul Whate's Inboratory had not
either They were at fiest inclined to call this awncubw flatter
Subsequently, Goldberg,* workmg m the Lahoratory of Anes
thesiology at the Massachusetts Genernl Hospital has found that
a number of hypothermue dogs, some minutes before they have
gone 1nto ventricular fibrllation have shown this kind of electro
cardiographic change  He mterpreted this as the exapgerated
appearance of a nght bundle branch block  {t 1s an ommons high
soltige wave that looks m the electroencephalogram, a little Iike
a ¥ wave with notches on it

Lewss 1 think that ventricular exiva systoles or ventrcular
tachycardin predispose to ventncular fibnilation  Sometimes the
complexes are quite wide during hypothermia You do nat thmnk
these were just ventriculir extra systoles?

Sweet They were so wide they were thought not to be, but at
any rate 1 had better mention what was done abont this Relymg
on dita obtwused by Bigelow, Lindsay, and Greenwood {10) tht
show there 15 often M mcrensed venous pressure m the nght atrmm
m the hypothermic state just before ventnenlar fibnlltion sets m
we tandly withdrew 56 ml of bload from a catheter leading to the
nght atnum  The clectrocardiogram settled bick to a much more
normal looking configeration  Hapmly, the catheter Pl heen
phiced previowsly to permt driwmg of systemic venons blood
samples

I do not know whether or nat there 15 any cause and effect sela
tionship here between the venesection and the recovery of the
ECG Hate you ever tned Yus Bigelow mrmemes of wabdoang
bleod rpidly from one of the major systemue veins entérmg the
heart?

Lewss No we hase never tned that We e seen shnormal
ECG patterns while we moved our patients but 1 thank that tlus
15 usually caused by electncal mterference, that 15, I do not thunk
the abnormal ECG pattern represents the heartbeat

*Coldbery L Personl commumication
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Horvath That 1s quite a usual finding i hypothermic anmals
if they are on their own respiration  You get these occasional bursts
of actvity which are of ventriculr ongin, which disappear, and
which very frequently arc accompamied by succeeding cardiac
arrest  They will start somewhere around 30°C but may not be
seen, on the other hand, until the anmal 15 down 1n the low 20s
Thas 15 not a very unusual finding m ammals on their own respira
tion so far as cardiac pattern 1s concerned (11)

Sweet We huve seen it mn only one patient We do not need
to become too alarmed about 1t Is that your thought?

Horvath Dr Siems reported on this, she published quite a long
paper on 1t very recently, on her findings in ammals (11)

Lews If these are bursts of ventricular beats, as Dr Horvath
has suggested, T think they are rather bad prognostic signs

Horcath T think so 1 do not tlunk they are mdicative of any
thing mice going on, but they may not go nto fibnllation, they may
not go nto cardiac arrest, and sometimes they clear up completely,
but their very presence 15 an indication that something/1s wrong

Behnlke Are you working around the cwohd sinus when vou
occlude the vessel?

Sweet The occlusion 1s done lower down n the neck

Belinke 1f a deep sea diver may make a suggestion to a neuro
surgeon, dunng the war we were mterested 1n the penod of useful
consciousness usimg Rosen’s pressure cuff to occlude the blood
supply This was accomphshed by raising the pressure Abruptly
by means of a pressure teservorr, 1n a sphygmomanometer pressurc
cuff wrapped around the neck The period of useful consciousness
was about 10 seconds at atmospheric pressure At hgh altitudes
this time period could be reduced to 7 seconds I think 1t wis a
very effectne way of occluding the blood supply without amy
obstruction of respiration because we could count untif uncon
scrousness supervencd In only one of our group was consctousness
mamtuned, despite apparent shutting off of blood supply

Sweet That 1s a magmficent suggestion It 1s a httle difficult
to dissect out the vertebral artertes and if they could be occluded
by your method time would be saved, and there would perhaps
be less danger of late thrombosis However, the fact that you Jost
consciousness does not prove that the cuff effectisely occluded the
vertebral artenes, because we have produced unconsciousness m
several patients upon occluston only of both common earoty
artenes
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Burton But you have to put in cooling blood

Sucet We occluded only when we want to cut off the circulation
to work on the arterial lesion  We have had the bram all cooled
off for some time

Burton Have you tried on dogs to see whether you didnt
decrease the incidence of ventricular fibrillation by cooling the
bram specifically but supplying a considernble amount of heat to
the rest of the body to compensate so there wasnt any drop of
heart temperature® Is this feagble?

Sucet 1 wonder of 1t miy not be I see that Jensen and Parhins
{(12) have reported on differential cooling of the bram by cooling
the blood flowing nto one carotid They achieved a low meidence
of spontaneous cardinc arrhythmi In the single paragraph that
15 given 1n the Fedcration Proceedings no details of the techmque
are given

Horvath They fibnllate but not very frequently Instead of 50
per cent fibnllation they have 25 per cent

Burton It could he done by applying lots of shin to the rest of
the body

Sueet We might perhaps explore that for at least the exceed
mgly formidable central arteriovenous malformations

Horvath By that procedure you hue cooled the brun down
very rapdly and sometimes so quickly that you really do not realize
that the brain temperature is down m the neighborhood of 7° or
8°C Ttis a very rapid method of cooling 1f vou have a small mass
to cool Tt 15 not easy to control

Sueet There 1s nother subject worth alludimg to  There 1s
some evidence that m the hypothermic state perhaps the major
outstanding problem for an Intricramal surgeon can be usefully
dealt with namely the 1schemia and edema m the post traumatic
or postoperative pertod

There 15 one spectacnlir teport from Liverpool by Sedztmir
Jacobs and Dundee (13) of a patient m whom proumal occlusion
of the middle cerebral artery was emploved i the hypothermic
state to stop bleeding from 1 nuddle cerebral ancunsm A useful
degree of function of the contralateral arm was the surpnising find
mg immedintely after the patient had awikened followmg the
opertion  The patient then on three successive occisions went
back mto  state when she was essentially 2t deaths daor with n
enormous respiratory rite ugh temperature  deep coma  and
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Horvath That 1s quite a usual finding 1n hy pothernue ammals
of they are on their own respiration You get these oceasional bursts
of activity which are of ventricular ongin whreh disappear and
which very frequently are accompamed by succeeding cardie
arrest  They will start somewhere around 30°C but may not be
seen on the other hand until the ammal 1s down m the low 20s
This 15 not a very unusual finding m wmmals on their own respira
tion so far as cardiac pattern 1s concerned (11)

Sweet We have seen 1t m only one patient We do not need
to become too alurmed about st Is that your thought?

Horvath Dr Stems reported on this she published quite a long
paper on 1t very recently on her findings 1n ammnals (11)

Lewss If these are bursts of ventricular beats as Dr Horvath
has suggested 1 think they are rather bad prognostic signs

Horvath 1 think so I do not think they are mdrcatnve of my
thing nice gomng on but they may not go mnto fibnllation they may
not go nto cardiac arrest and sometimes they clear up completely
but their very presence 1s an indication that somethmghs wrong

Behnke Are you working around the carotid smus when vou
occlude the vessel?

Sweet The occlusion 15 done lower down 1 the neck

Behnke If a deep sea diver may make a suggestion to a neuro
surgeon during the war we were interested n the period of useful
conscrousness using Rosens pressure cuff to occlude the blood
supply This was accomplished by rusing the pressure brupth
by means of a pressure reservorr 1n 2 sphy gmomanometer pressure
cuff wrapped around the neck The period of useful consciousness
was about 10 seconds at atmospheric pressure At lugh altitudes
this ime period could be reduced to 7 seconds I think it was 2
very effectne way of occluding the blood supply without amy
obstruction of respiration because we could count until uncon
sciousness supervened In only one of our group w1s consciousness
mamtained despite apparent shutting off of blood supply

Sweet That 1s 1 magnificent suggestion It 1s a little ifficult
to dissect out the vertebral arteries and 1f they could be occluded
by your method trme would be saved and there would perhips
be less danger of Inte thrombosis However the fact that you Jost
consciousness does not prove that the cuff effectnely occlnded the
vertebral artenes because we hive produced unconsciousness I
several patients upon occlusion only of both common cwoh
arteries
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dilated, fived pupil on the side of the ischemia and hemorthage. She
was brought out of each of these monbund episodes by protracted
periods of hypothermia, but she died later. Rosomoff (14) has also
shown that if the dog's middle cerebral artery is divided when the
ammal 1s at 25°C, cerebral infarction 15 prevented or 1 greatly
diminished as compared to that found in control normothermic

Cold Inpury

dogs subjected to the same operation
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APPENDIX: AUTOBIOGRAPHICAL
SKETCHES OF PARTICIPANTS

Auprey sMitH 1 work with Dr A S Parkes, FRS, in the Depart
ment of Expenimental Biology at The National Institute
for \Medical Research m London, and my field 15 low-
temperature iology In 1945 Dr Parkes who was mter-
ested m reproductne physiology, started a program of
work on the effects of chemical and physical agents on
the gametes Among other physical agents, he was inter-
ested 1n the effccts of mtense cold  He was intrigued by
the 1dea that if a cell could be cooled to a very fow tem
perature, the temperature for istance, at which atmos
pheric gases are hqwmd, all metabolic processes would be
brought to a standstit However long the ccll was Lept
at that temperature, 1t would therefore not age, and pro
viding 1t could be thawed without dymage, 1t would show
no signs of deterioration centunes later Previons expent
ments by other groups of workers including Luyet and
Hodapp (1), Shettles (2), and Jahnel (3) suggested
that it shounld be possible to preserse spermatozon in thss
way Dr Parkes followed up therr wark and found that
when ampules or test tubes of human semen were frozen
m hqud air or 1 solid CO_ and thawed out hours, weeks,
or months later, a small proportion of the human sperma-
tozoa survned and were actinely motle apparently
healthy (4) He was unable to obtan simlar results
using the spermatozon of any other mammalian species
and the work was put aside until, i 1948, we were
joined at the National Institute by \Mr Chnstopher Polge
His project was to develop artifienal insemination 1n poultry

Dr Parkes suggested that we should try presening lhe
semen at very low using a
fructose solution as the semen diluent, hecauso this had
previously been used by Shaffner Henderson, and Card
(5), who had obtamed promsing results

In our hands however treating the sperm with frue-
tose and freezing quickly or slowh to ~79°C or —190°C
resulted 1n 1ts complete destruction, as we were able to
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show by studying both the motility and staned smears

Some months liter we repetted the espenimnts but
by mistake we used s the semen diluent a solution con
tamng 10 per cent glycerol mstead of the solution of
fructose

In fus way we discovered acoidentilly that glycero}
had the remirkable property of proteching avian sperma
tozo1 from the otherwise dam wging effects of freezing to
storage at and thawmg from very low temperatnres {6)
Later glycerol was found to have a1 sumhr action m
protecting mamalhan cells

Since then Dr Parhes my colleagues and I bave done
1 considerable amount of work on preservition of mam
mahan spermatozoa red blood cells endocrme and other
tissues at very low temperatures 1nd m medha contumng
glycerol Ve tested therr vanabihity by i witro tests and
by remtroduction into the ammal body (78) Ve went
on to see whether whole orgwns from mammals could
stand presersation m this way

The first organ so tested was the gwmnea pig uterus
which had been trented wath ghcero) wnd preserved
79°F In the presence of glycerol we found it wonld
resume contractions m wibro and responded normally to
drugs It also showed immunologica} reactions

Na attempts were made to freeze whole anmmals unh}
1954 by which ttime we had been tomed by Dr Andjus

from Belgrade

R k anpius I am a Daoctor of Science not of medicne 1 am

assistant professor of Physwology at the Umversity of
Belgride where 1 teach Physalogy m the Tacults of
Seience

As far as my research work 15 concerned and espectatly
for the Iast 7 years I have been mteref!?d 1 hypotherm

with the possibihity of ng
thermic ammals after lowerng therr body tempertere

to zero and below the freezing powt

1 had the prrvilege of working under Professor J Grayz
who 15 2 lewdmg physiologist m mny countrs and akso
1 the Faculty of Science  Prof Grajas mumn interest 15
thermotegulation and for many years before the war
he was interested m hypothermnn Later I had the prist

natng homaio
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lege of working for one year under Dr A S Parkes at
The National Institute for Medical Research in London,
with Dr Audrey Smuth and Dr J Loveloek

This 1s how I started to work on hipothermia  While
learning to perform an hypophysectomy  rats, I found
some of my rats died of asphysa durmg the operation
because the trachea had to be occluded from time to time
I knew that my professor used to cool rats, w 1840, by
exposmg them to low barometric pressure He also
found thetr oxygen consumption at 15°C was very low
So I thought if T performed my hypophysectonnes m
caoled rats they would tolerate lvpoua  This expectation
proved correct

1 wonld like to tell you something abont how 1 started
to wosk on resuscitating ammals  Synce my fiealts as
well as the hbrary were completely burned out dunng
the last days of the war so that literature was not easih
available 1 did not know that during the war the Germans
had smvestigated different reantmation procedures 1 eooled
ammals and human beings and that they nsisted on
rapid rewarming of the whele body as the only effectine
means of reammation T thought that warmmg the whole
body of an ammal with an arrested heast meant that the
metaholism of the hissues would be rased hefore an ade
quate arculation was re-established T thonght that per
haps 1t would be posuible to reammate an ammal by
heating the heart locally thus re estibhshing the crrcula
tion first, so T started with experiments on rats and tred
to apph heit lociy to the heart by applung a metat
spatuln which had heen heated on a Bunsen flame to the
chest of the cold ammal It worked and that 1s how 1
started imestigrting suspended amimation and resuscita
tron of ammls from zero

xaonsets I am an ophthalmologsst, and my field s aque
ous humor dynamics to the extent to which they can be
studied 1 the lsing human cye You and T have at least
one hitle field m common and that 1s experimental eata
racts caused bv vanous forms of msult 1 am ven much
mterested m the type of lens opacities that ocour in
antmls that have been resuscrtated after prolonged and
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severe states of hypotherma such as those which wdll be
discussed at this meeting

F A SIMEONE I am 1 surgeon and am Professor of Surgery at

WILLIAM

*S meone

Western Reserve Unnersity and Director of Surgery at
City Hosprtal of Cleveland Oho at the present time

T first became interested i eold myurv when I was a
student 2 lugh school and read \enophons account of
the dreadful suffermgs from cold mjury that Danus s army
underwent when they moved across Asia VMimor

During World War II T had the opportumty to study
soldiers who developed cold mjury during the campaigns
1 the Mediterranean Theater of War I wrote the history
of cold imury for that Theater* and collaborated with
Dr Micheel E DeBakey (of the Department of Surgery
at the Baylor Unreersity School of ‘Medieme Houston
Texas) m the preparation of the volume on cold mjury
for the Armys Surgery w World War If (9) Since the
war I have participated m a collaboritive project to
study m follow up a sample of veterans who had incurred
cold mjury during World War I The datn have been
collected but their mterpretation has not yet been com
pleted
H sweer My interest 1s a very much more recent one mn
this subject than that of most of vou and 1t began when
Dr Lougheed (10) from the Unnersity of Toronto who
now works 1n Dr H Botterells Department of Neuro
surgery at that unnersity came to spend 2 yerr with us
to do mveshigative work  We were both very discouraged
about our capacity to handle vascular disorders aficting
the bran one of the principal problems beng to supply
blood or oxygen to this bran from some source while we
cut off the blaod supply i the mun trunk vessels.

Dr Lougheed spent most of hus projected year with me
seehing by varous technical manensers to supply blood
to the brun by shunts of one sort or another and only
near the end of this year did we finally give up these
methods and decide to try the erude procedure of nctually
coolng the whole mimal to decrease s cerebral oxygen
requirement m that fashion However this turned out to

F A Report to tle Surgcon MTOUSA on Trenc Foot tn the Italan

Campa gn 1943
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Cold Inpury

pomt of usmg 1t upon the surface of the cats bram It
seemed that with our particular interest m the penpherit
vaseuhir field we might obtun some mformntion op ov gen
m the shin of normal and 1schemic extremities

After obtamng some sem quarnitt e mesurements
of oxygen tension 1 normal heman shin, we followed the
chwges m oy gen tension i shm resulting from imnduced
chnges i blood flow  Here the cffect of heat and cold
came info prominence Soon we were exposmg sk
directly to as hot water as we could stwnd, and to 1ce
water We were interested 1 me surmg the low ovygen
tension that resulted when the shan was immersed 1 cold
water and the Tugh levels of oxygen that yesnlted m cold
shin_ from breathing oxygen These Ditter were Jugher
Tevels than were found m the shan unevpased to cold

1 then knew that the concept that damage by cold mat
be a result of anoua was open to mestgation and we
carnied ont experiments on the shin of onr feet nd on
the muscle and snbcutrneous spaces of the Jegs of ribbuts
e were able to demonstrate that cold does lower the
otygen tension of these tissues, and that whlation of
ovygen dunng the same penod carly dunng whit we
might ool immetsion foot, raises that ovygen tension at
leut t0 a pre mmersion level But the moreise m basne
oxygen was only a shght protection agunst the dumge
eaused by this degree of cold so 1 thih st 1s fur to sn
that angva 15 not the muyor cause of unmersion foot
Having become absorbed m this problem we hue gone
on ta studv effects of cold short of freezmy

kutka While studying the pathalogy of theumtic disewe
T hegn to wonder if some of the wpury m rheumate
granulomatous lesions mght be the result of erculatory
msufficiency  § then started ta Jook mto the tissue chnges
produced by «nous agents which could impur the ar
culation one such agent 1s cold

1 had httle opportumty to pursue this subject furﬂl{;;

wntd { was called to actne duty m the U § Ay aw
thologuist to Colonel

recened a part time 1ssignment, as p
Blur's resexrch project on cold myury at Fn wd \fedied

Schaol
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pomt of usmg 1t upon the surfce of the cats hrun It
scemed that with owr particuly mterest 1 the penpheri
vascular field we mught obtan some mformation on ovpgen
m the skin of normal and sschemic extremibies

After obtuning some sems quantitrtne measurements
of oxy gen tension i normal human shin we followed the
changes m oyygen tension i shin restlting from indueed
chwges m blood flon  Here the cffect of heat and cold
came mto prominence Soon we were etpostng shin
duectly to as hot water 15 we could stand and to we
water We were mterested i metsurmg the low ovygen
tension that resulted when the skia w v kamersed m cold
water wnd the hugh Jevels of ovygen that resulted m cold
shin from bicathing oxygen These latter were lugher
levels thwn were found m the sk unexposed to cold

1 then knew that the concept thit damage by cold my
be 1 result of wovia was open to nvestigation and we
carned out experments on the shn of our feet and on
the muscle and subeutaneous spces of the leas of rabhuts
We weie able to demonstrite that cold does lower the
oaygen tenston of these bissues and that mhalation of
ovygen duting the sime peuod eunly dunng what we
mght call ymunersion foot 1ases that ovygen teasion 2t
Teast 1o 2 pre immersion level  But the mcrease mn tissue
oxygen wis only 2 shght protechon agunst the dunige
cansed by this degree of cold so I think 1t s fur to s»
thit 1mowa 1s not the myor cwse of immersion foot
Haung become hsorbed n this problem we have gone
on to study effects of cold shart of freezmig

2 PETER KULKA WWhile studymg the pathology of rheumitic diserse

1 began to wonder if some of the myury m rheumtic
granulomatous fesions rmght be the result of arculatory
wmsufficency 1 then started to look imto the tissute changes
produced by vavaus agents wlich could mpr the cir
cilaton one snch agent 1s cold

T had httle opportumty to pursue thus subject further
untsl T was called to actne dutv in the U § Army am}
recened 1 part tume assigmment as pathologst (o Colone'
Blairs resench project on cold mjery ot Han wd Medica

School
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Bone changes—Contd
late cortical reaction 6467 92
923

patterns of 37
roentgenologic after cold mjury
3771

spectficity of damage 43

tune for develapment of 41

and use changes 36 57
and arculation 37 67

10 toes 29
and cold

conductrvity 128

drect influence on 39
cottical resorption of 117
defornuties after frostbite

time before visibility 41

1n toes and fingers 39
dilatat on of arteries :n 103
exposure of due to soft tssue Joss

39

freezng of versus in overlyng
tissue 130
1schema

nduced with charcoal 126
and necrosis 126127 139
joint See Joint
martow
atrophy of 127
temperature gradients 129 130
metatarsal 113 116
changes 92 93
few formations 1 60 61
osteoporosis of 92
and tissue loss 118
nectos s of 118 119 174
0 casson disease 126
ue to exposure without freezing
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mechanisms of 97
and vascular 116
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appeasaace of 92
after exposure 85
after frostbite 64 89
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Bone—Contd
n rabbits 60 93
1n revascularized Haversian canals
116
species difference 1n 59 60
time for regression of 91 92
transtent 60 63
sensitivity to cold injury and regen
eraton 124
sc%u:smtmn of 39
thawing of shin 169
Brain

i fetus and cooling pregnant
hamsters 272
and freezing
anaerobic glycolysis 134 135
e formation 1 261 263
oxygen content after 133
time for 259
heating temperature of and convul
sions 241
arrest and memory 725 227
metabolism in of dogs 329 339
specific cooling of 337
tissue involsement 240
Bure
flash dusts bution of 141

njury
and cold nquty 135 136 164
166
danger with d athermy heating
235 236

sensation 1n winter after cold injury
68 69

C
Calluy formation after injury 200 203
Cancer and deep cooling 313 315
and card a¢ standstill 325
Capitiary
appearance
and seventy of m;ury 209
with time 186 194
blaod flow post injury 112
compacted red cells i 122 124
constrict on by connective tissue 192
d latation after frostbite 69
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Capx\\ary’C ontd

focal thmmbos s 113
forms 10 fo\ds 223
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186 193
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y without fibnilla

Cardiac atres est See Heatt plock
Cardiotomy ¥ undet Ty pothermt 307
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Cold Injury

Ce\l——Cantd
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Circulation—Contd
penipheral
and wmerscon frostbite 143
and resistance 103
shutdown and emottonal rage 14
in stomach after resuscitation 267
and sympathectomy 0 rabbits e
170

and temperatute 83 174
skin 101102 216
and ulceratton 268
aod vasodilatation 213
Claudication wntermuttent plantar 221
223

Cold snpury
ankle 220
ateas of damage disenbution of
138 141

blood vascular system an
hyperreactivity after 14
as shack organ 143

and callus formatton 200 203

cell metabohsm after 153 171

tn chuld after 2 hour exposure 61

3
classificaion of 13 12 1617
difficalty i 1415 1920
color changes 68 70
cnterza s evidence of previous in

Jury 3
20d cvzm.\s 203
degree of
and cap Hartes 206 209
and conpectine tessue damage 143
and digt involvement 42 215
216

setsus disesse rajuey 61
evalugtion of 2D0
and loss of phalanges 7176
and muscle necrosis 112
and temperature of skun 213
and time of exposure 74 79
and hssue loss 166 167
and depigmentation 30 33 35
and desquamation of shin 201 303
and difference 1 wse of extremuy
35

and erpomcter 216 223
expenimental m rabbit 73 83
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Cold smputy—Contd
exposure conditions  duration and
temperatute 17 18
of feet
i deficed condition 1113 13
19

and osteoporosts 67
and pattesn for walking 55
and shin temperature 101 102
and hyperhidrosis 25 28 203
1mmersion foot
focal lesions 187
versus 10 trench foot 70
individual differences 1n resistance
to 75
atermuttent plantar claudrcation in
221223

and jort changes 51 67 68
with t me 40 41
judta articular subchondral  defect
after 40 42
of Korean War study 4 years aftec
935

abpormal color 24 2%
age wice nank 12
is2bility and employment status
2

2
stte of and seventy 12
symptoms 23 26
fate responses to 223
1o fect 203
plethysmographuc changes n 200
205 223

and methods of rewarming 80 82
periosteat new bune after 90
permanent tissue loss after 125
predisposition to 15 16 25 28
pretrcatment for protection agunst

163 167

feconstruction processes  period of
nrns

roentgenolog ¢ changes tn bone
after 3771

after solidification or thawing 33
stress after 202
susceptibnl ty of cell to 147 147
theeshold arexs 145
tissue sensttevity to 124
n toes 20
and arculaton 29
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Tetus, development after arrest, an
harnster, 268 274
Fiber
fibrinous exudate between, 186 193
muscle
fragmeatatcon of, 180
aftet injury 110 111
tegeneration of, 187
teplacement by fat cells, 196
samation of size with time, 193
Fibollation, sentricular
and blood pH levels
and catbon dioide, 326
stufts, 319 320
after atrated blood perfusion, 297
11 cold heart versus 1 warm, 310
after cooling
of bramn vessus of whole body 337
and elertrocardiographic hndings,
334

and coronary air embolism, 292 295
wnd hypothermia
maidence and fevel of, 310
totection from, 281 302
and level of anesthesia, 324
and mortality, m open heart susgen,
kY

308
and nerve supply to heart, 290
recurrence, after defriberllation, 293
Fbun
after exposure, 185 186
appeatance with tuve, 186 194
0 notmal muscle fiber, 185
thrombus of and pangrene, 120
Fibroblast
after exposuse, 185 186
appeatance with time, 186 194
10 notmal muscle fiber, 185
Tbrosss
endartersai, 100
penneural, 124
Finger
cogling of tip, 211
ot chanpes 1, 49 51 59
peta articutar defect, changes with
e 54
shorteming of, after frostbite
child 3
subchondral defects changes with
bme, 49 50

Cold Injnry

Fnger—Comd
trabeculae of, 51, 33
See alte Hand
Flud, bady
after exposure, 185 186
freenng pownt, 259
See also Water
Foot
blanchmg of, and emotional tage, 14
crrculation 1o after frostbite, 67
cold sy n
and etgometric pressure develop-
ment, 217 223
il defined conditson,” 11 13, 15-
19

22 Swnersan sesas teeack, 78
jount changes, 64 66
late, 200 203
and osteaporosss, 67
Pun, and intermittent plaatar
daudieason, 221222
and shin tempecature, 101 102
depifation of, in expenmental frost
bite, 73 74, 76
drap, 10 ymmerson foat, 187
evaluation
of sajury a, 12 13, 16, 42, 67
of sweafing 25
after frostbrte, 102
corticaf changes with tume, 92 93,
S, 517
lesion, apd evacustion sn Kotean
theater, 15 16
shin
e, 1617
macefaon and shoepack, 22
metabofism, i rat, 154
symptoms four years later and de
Bree of myury, 23 26
temperatyse of rewarming, 82
time t0 tegan ablity to flex, 180
tissue {05 after previous auld myuzy,
164 165
See al10 Toe
Freeming
and cholesterod m supernatant, 158
areulatory effects, 170
dusation of
and recovery, 251
and rexarming method, 80
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Freezing—Contd

and enzyme system 135 137

and ghycolyss 134135 156 159
160

mn hamsters
at critical stage of pregnancy 268
2

water 1 265 267
inhibition of oxygen consumption
y 156
iereversible 2nd focal artersal necro
stis 98
and metabolism 155
of skin 162
salt during and glycerol 159
after supercooling 154
temperatures 259
and recosery 156
and time of exposure 75
Frostbite
and abnormal sens tiv ty to tempera
tures 68 69
atteritis after 99 100 139 140
and bone decalaification 92 93
blister tormation 1 experimeatal
8

7
changes dueto 9293 102 115 117
arculation after 37 106 107
intermeduate stage 144
and lesions 125
classification 19 20 21
fiicalty 1n 14 16
versus cold injury 1516 20 21
color changes 1 69 70
degree of
and changes 40 42
digit involvement after 40 42
and duration of freezing 80
n foot 1213 16 42 67
and lesion sites 11 17
sataton 1 same foot >
and footwear care 16 17
and shoepach 21 22
ground type exper mental 1n eabbit

7383

and growth distutbance in child 61
63

n hamster 259

and beating of heart 143
and hemorrhige 124
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Frostbite—Contd
and high altitudes 80
hyperthermia m treatment of 170
171

ill-defined conditions of the
feet 1213 16 27
ummersion produced rewarming
after 79 82
joint changes due to
pain and stiffness 41 42
time factor tn visibil ty of 59 97

and

93
modification of by previous cold 1n
jury 165 169
new bone formation after 85 93
and osteoporosis 39
predisposition to sursey 27
1n rabbits 85 148
Raynaud like d sorder after 31 32
reg on of early gangrenc after 121
139

roentgenological changes 3771 85
96

subjectine symptoms of 41 42

G

Ganglionectomy and ventricular fibril
lation 290 291
Gangrene
and artentis 100
and blood flow 123
obstraction 122
and classification of inury 199
dry n frozen pinna 257
necrosis of connective tissue in 118
123

onset
delayed 118123
in frostbitten cabbit 76
pathogenic mechanism of 125
proximal border of 98 119 120
regon of early 121 139
shin purulent filteztion i 118
12

temperature and developmental
steps 141 143
and thrombosis 98 100 120
of digutal arteries 101
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Glycerol, and salt effects, 159, 267
Glycolysis
amaerobtc, recovery of, 134 135
of sk, and salt concenteations,
159 160
and time and temperatute of freez
ng, 156
Gout, and cystic changes mn frostbite,
42 43

Cold Injury

Hands—Comid
and Raynaud s phenomenon after
cold tmjury, 31-32
See also Finger
Heart
beating, 318
and mmmerston frostbite, 143
and rewarmung methods, 236
and atrated blood perfusion, 297
and hypoth: prevention of

Graft, of frozen shin and p
of eptthelium 144
Ground substance, interstitial, after
freezing, 124
Growth
distucbance, due to frostbute, 61 63
and weight of ammal during cool
ing, 229

H

Hamster
cerebral studtes in, 259 261
fetat development 1n, after arrest of
maternal circulation, 269 272
frogbte 1n
and beating of heart, 143
normal hind paw after, 252
reantmation of, 227 228
after respiratory and cardiac arrest,
237

survival of
apd amount of its water frozen,
266, 267
and duration of cooling, 265 266
temperatures

durning freezing, 257 258, 260
of supercooled, 247 248

Hands
cooling of 211
degree of imyury, and status after
4 years, 22
ergometric pressure developed n,
217 219
sversus foot
changes 1n joints, 43, 64 66
frostbite 1n 47 34
deformuty after, in child 62 64
jount changes after, 59
lestons due to, and agwmg, 57

venteiculz fibtillatron, 281-293
local heatrag of, 235
by diathermy, 244 250
and resuscitation, 225 227
massage, i dogs, 292 295
muscle, cyanotic, after perfusion
297 298
and survival after vema caval ob-
struction, 296
tratnaal, repar of, 309
Heart bloch
atrial septal defect, reparr after, 308
and cancer, 325
and catbon dioxide, 314,315
durstion of
and recovery, 251, 253
and sunvuval, 1 rats, 311-313
and high voltage wases, 335 336
resuscitatron after, 227, 237
syersns continued heart beat at low
temperatare, 318
Heat, injury See Burn
Heattng Ses Warming
Hemorrhage
control, t surgery, 332 333
i fetus, and freezing during preg
nancy, 272
mtramural artery, 140
into nenve sheaths after frostbie,
124
and ox)genated hepannized blood
perfusion, 296
nto stomach and resuscitation tn
hamsters, 267
Histamme
endogenous toxins and local chun
reactions, 142 146
release, after cold mjury, 135136
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Hyperema
after frostbite
and bending of hind paw 253
n rabbit 7576
after rewarmuing of ymmersion foot
69

Hyperesthesia tn immersion foot ver
sus trench foot 70
Hyperglycemia
and body temperature of rat after
coolin;
during rewarming 245
and hypoglycemia after 235

Hypethidrosts
after cold injury 201
4 years after 2475
and hosputalization 199
predisposition to 27 28
in d abetes 52
of il classified condition of feet

psychogenic factors s 26 28

Hypertherma  for treatment of frost
bite 170 171
See also Sweating

Hypothermia
and artificial respuration 325
and b le production m rat 275277
and blood oxygen content 325
and carbon dioxide 283 317 321
(0 anesthetized rat 324 325
« plasma of dog 320
cerebral stud es duting 329 339
arculation response to 175
and cold mjury See Cold wmjury
m combination with blockade and
oxpgenated blood perfusion for
surgery 295
cooting blankets
with antifreeze solution 306
refrigerating 311 312
depth of
and clectroencephalogram  find
ings 330 331
and rewatming methods 236
and time of exposure 143
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Hypothermia—Contd
differential effect of on enzyme ac

on
and digitalis 289
and emotional tension 212
of fallopian tubes and parthenogene
tic development 274
inutial werght regamed after m rats
230

and liver temperatures versus rectal
275 277
and memory 225 227
method
ta monheys and survival 326-327
and reammation of rats 233 234
oxygcn durmg and catbon dioide

duung pregnancy and fetal develop
ment 768 274

repetitive cooling and adaptation to
232 233

and resuscitation  See Resuscitation

and safety of venous mflow occlu
ston duration 295

and serum potassum 320 322

for surgery 305 327

and fibrdlation prevention 281

3

02
intracardiac 281 295
intracranial 337
open heart 305 327
and time extension 310

and surgical anesthesia 1n rats 274

275
temperatutes See Temperature

I
Tee
crystallization See Crystallization
dry alcohol as freezing bath 170
melting 1o hidney 148
n uissue 58 59 76 118
subcutaneous 263 266
water comerted to
m bratn 263
n colon 263 266
10 thoracic esophagus 263 266
Immersion foot
color after 69
focr of damage 137
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Immersion foot—Contd
changes with time, 187
2nd coolng pertod, 142
and hypoxia, 179
infiltration after
cetlular, 180, 187
leuhocy tic, 186-193
inflammation after, 186 193
Jomts after, 43
lesions, 142, 187
and muscle fiber damage, 137
neuromuscular dysfunction, 175
oxygen teaston tn, 178
delayed effect of, 129
versus teench foot, mmyolsement i,
67,
Infection
m frostbite areas, 69
joint, 1n rabbuts, 93

Inflammatron
after cold exposure, 70
in frostbite areas, 69 71
after immerston foot, 186 193
evidence of, 184
Ischernia
of bone
nduced with charcoal, 126
and necross, 126 127, 139
and inflammation reaction to cold
exposure, 70
muscle changes in, 111
and necrosss, 112
and permanent tissue [oss, 125
101 post traumatic intraceanial surgery,
337
and fewatmung, 80
secondary effect of, 131

Jomnt
ankylosis, 93
basophilic matesial 1, 124
and bending,  frozen state, 252
55

2
changes i hand, 54, 58 59
versus tn foot 43, 64 66
Charcot, 52

Cold Injury

Joint—Contd
after cold 1njury
changes with tume, 37 70
W classtfication of degree of
jury, 67 68
cjstic changes and Rayaaud s disease,
43

damage to, and
and destruction, 95
1n disease, 51, 54, 67
demmneralization of, 56
after frostbite, 46
and growth disturbance i chuld,
6264

1 rabbits, 85.149
septic, 93
ip "ul defined conditon of feet
67

1nfection n rabbits, 93
ntra atrcular changes, and juxta
artrcular changes, 44 47, 51, 59,

93
and disease, 36 57
knee, and aging, 57
lestons, 41, 66, 118 121
Jocation of, and range of motion,

neurologreal, 52
i Lohrs case, 58
lumens, fibrin hke materal 1, 118
mobility, 68, 73, 118
narrowing of space, 45
pan
and compensation symptoms, 23
and pertod off feet, 47
versus radtogeaphic changes, 41 43
pathologic conditions as evidence of
Pprevious injury, 35

stiffness
findings 4 years after {rostbite, 25,
32

1n wiater, 40 42
subchondral defects, 44 50
symptoms, 4 year follow up, 23 26
time for vistbility of defects, 40 41
53,59, 64 67,9293
trabecular changes, 53, 55
See afso Hand, Foot
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Kudney
melting of 1ce crystals in 148
two hinds of nephritis 146

orean War cold mjury cascs follow
up study 9 35

I
Leatn ng after resuscitation 226
Leg See Limb
Leston

arteral 9899 103 139
intima thickemng 108
and sschemia 126 127 139
and vasa vasorum 125 126
basic changes versus symptoms due
to 68

and blood flow 125
cold 1njury 115
and necrosts 97
segmental 112
sevenity of and sites 12
cortical late development of 66
focat
different types of 137
m immersion foot 142 187
and ischemic changes 137
versus patchy 138 148
frostbite
and gout 4>
n rabbit 74 83
incidence 1n toes 45
Jomnt
after exposure 118 121
after frostbite and neurolog cal
defects 5°
locations of 118
and tume 41 66
rheumatic fibnn like matenal in 118
of trench or immersion foot and of
frostbite 43
vascular
arculition arrest 1n operations
2

dustr bution of 141
segmental 125
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Leuhocytes
after exposure 185 186
appearance with time 186 194
immegration of after removal of
amumal from freezer 112
infiltratron
10 frostbite 93
1n frozen pinna 257
tn necrotic tissues 118 119
1n normal muscle fiber 185
polymorphonuclear after immersion
187

Limb
cold njury 1n 199
and dysfunction 179 180
atter smmerston and function 186

jo nt changes and
difference 1n use of 55
and roentgenologic changes 56
muscle
changes with tame 186 193
oxygen tension 1n 178
neutomuscular changes with time
193
protection of by previous exposure
169

See also Hand  Foot
Loer
anzerobic_glycolysis after frecuny,
135

contribution to temperature regula
tion 277

oxygen content after freezing 133
removed from hypotherm ¢ rat e
covery 273274
temperature of 169
and bile flow 276 277
and function 274 275
after rewarming 277

Lumen

of artery post frostbite 107 108
jownt fbrn Like material n 118

Lupus erythematosus local and focal
chnges 1 145
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Necrosis~—Contd
of cartifage at artscular macgin 118
119

and cold sajury
dassification 19 199
cosgulanion 110 211
of connective bssue and gangrene
118123
fat 10 subewtaneous bissue 41
hytic after frosthite 98 114
of muscfe
after inmersion foot 386 193
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regentration 110 111
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of wisceral synovial membrane 118
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Nene—~Contd
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foral intramural coflection of 139
smfiltraton after frosthite 98 118
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