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HYPOTHERMIA
Davip M. LitTLE, Jr., M.D.

CoLp is by no means a new therapeutic tool,
for its numbing effects have been recognized
throughout the ages, and occasional use has
been made of this knowledge in medicine for
centuries. Hippocrates, who advocated snow
and ice to check hemorrhage, was aware of the
analgesic nature of cold; ** and refrigeration
anesthesia was employed sporadically both dur-
ing the Renaissance and subsequently, the most
celebrated instance being by Napoleon's sur-
geon-general Baron Larrey, who noted that
there was no pain during amputations per-
formed on soldiers who had lain on the battle-
field at low environmental temperatures. The
use of refrigeration anesthesia was increased
considerably in 1866 with the introduction of
an cther spray for the purpose of producing
local anesthesia by freezing tissues. This tech-
nique was later modified by the use of ethyl
chloride which, because it evaporates more
quickly, is more effective than ether in this
form of anesthesia. The use of refrigeration
anesthesia has been greatly extended in more
recent times for amputations of gangrenous
extremities.

The concept of total body hypothermia, as
contrasted to refrigeration anesthesia, dates
back to the time of the illustrious John Hunter,
who attempted to freeze carp to a state of sus-
pended animation; 8 but most early observa-
tions on hypothermia were limited to reports
of survival after accidental exposure to severe
cold or occasional physiological studies in lab-
oratory animals. The deliberate application of
hypothermia to clinical problems in medicine
was pioncered by Temple Fay in 1940 for the
treatment of malignant disease,3® based on
the observation that metastases were rare in
the periphery of limbs where the temperature
was lower. He obtained some striking exam-
ples of relief of intractable pain, and some re-
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gression of malignant growths, especially wheg
the cold was applied lezally, as in carcinoma \‘ﬂ
the cervix; but in general there was a fmluw
to achieve reversal of the cancerous procesg
Talbott in 1941 also employed prolonged total
body hypothermia, as a form of treatment &
psychotic patients, but with little success arid
with two deaths from cardiac failure.tot Mg
Quiston made a significant contribution in lQ-@
when he advocated total bedy cooling durirg
operations on children with cyanotic heart dig
ease; but his original concept was to rcdug
oxygen demand more by counteracting hypé&
thermia than by the production of true hyp&
thermia,®® The current clinical interest @
total body hypothermia stems chiefly from
laboratory observations on the almost linc%
reduction of oxygen consumption that occul
with decrease in body temperature made iﬂ
1950 by Bigelow and his coworkers, who suls
gested the physiologic feasibility of compl
occlusion of the circulation to the heart @
permit intracardiac operation in a bloodle8
ficld.42. 4¢. 43 Since that time, hypothermia hS
been employed extensively not only for mmn
cardiac surgery, but also for a variety of otth
types of surgical procedures and as a thep
apeutic adjunct in the treatment of a \"\ncﬂ
of pathological conditions,

Hypothermia has been defined as a state 3
body temperature which is below normal in3
homeaothermic organism.*** In common m
ical parlance today, however, the term
come to have a varicty of connotations a
denotations, depending largely upon the cqi
cepts of the individual employing the wor}
It becomes essential, thercfore, in referring
total hody hypothermia, to understand fullt
that the tenn may have different meanings a@
cording to both the depth and the duration &
the hypothermia under discussion; and to 18
alize further that there is no real uniformity 8
to these meanings.  Thus, what is called “m
erate” hypothermia by one laboratory workes
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may be regarded as “deep” hypothermia by his
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tory rate is accelerated, the pulse rate is mised,oD

clinical colleague. For purposes of ics
in this review, light hypothermia will be con-
sidered as a body temperature in the range
37-32 C., intermediate or moderate hypo-
thermia in the range 32-26 C., deep hypo-
thermia in the range 26-20 C., and profound
hypothermia below 20 C. In similar fashion,
acute hypothermia will be regarded as the pro-
duction of the hypothermic state for but a few
hours, and chronic or prolonged hypothermia
as the production of the hypothermic state for
a period of many hours, days, or even weeks.

Puysiorocic Errects

The exact nature of the physiologic effects
produced by hypothermia will depend in large
measure, as suggested above, on the depth and
duration of the hypothermia, but will also vary
according to the species, the age, the type of
cooling, the rate of cooling, shivering, the pres-
ence or absence of anesthesia, the type and
level of anesthesia, the mode of pulmonary
ventilation, the nutritional status, and a host of
other factors. The majority of laboratory stud-
ies have been conducted in the dog during
moderate or deep hypothermia, but many other
species and levels of body temperature have
been used in addition. The extensive disparity
in the recorded physiological effects of hypo-

thermia has often been due to the variable”

conditions under which observations have been
made, and it is necessary to exert caution in
their interpretation. For example, acid-base
shifts observed 'in dogs cooled during sponta-
neous respirations are not comparable to those
seen in dogs cooled to the same temperature
during adequate artificial ventilation. Quite
obviously, even greater caution must be ex-
erted in the translation to man of obscrvations
made in the experimental animal. Finally, it
must be remembered that considerable individ-
ual variation will occur within a single species
as far as the studies of any given parameter are
concerned—and this applies, perhaps, particu-
larly to man.

Initial Response. In general, it may be said
that the initial response of the homeothermic
organism to external cold is one that mimics
intense sympathetic stimulation: shivering oc-
curs, vasoconstriction is profound, oxygen con-
sumption increases tremendously, the respira-

blood p e is el d, and there is signif-;
icant increase in cardiac output.t3. 30% 318 Thus,
the initial response to cooling is the opposite
to that sought clinically, since the responses3y
evoked early in the cooling period tend to3
decrease heat loss and increase endogenous®
heat production. These initial responses cans
be avoided to n~grcat extent if sufficient anes-%
thesia is ad 1 to the defensi ’\’
reactions induced by the powerful stimulus of2
cold; at about 28-30 C., “cold narcosis” super-3.
venes and further anesthetic administration 1sm
unnecessary either to prevent shivering or t0r>

i unc i 4 H , even |n3
the absence of anesthesia, and in spite of the“;’
fact that this stress response may actually prw
duce a slight rise in temperature,? it will noh-n
prevent—although it may delay—the developo
ment of hypothermia.#® In the horrible ex8
periment performed by the Nazis at Dachang
prisoners were immersed in water at a tem$
perature of 2-12 C.: there was initial violent?
shivering, succeeded by intense muscular ri&
gidity; consciousness became clouded at rectalS
temperatures of 31 C.; and both musculas®
rigidity and shivering were abolished at rectaky
temperatures around 27 C.1° E

Metabolism. The metabolic effects of hypox
thermia obviously mirror the pattern of xmhn@
stimulation due to the shivering during cnrlyo
cooling, and unless shivering is prevented thcg
oxygen consumption of the organism may m-N
crease initially several hundred per cent 'lbovc,3
the precooling rate.* However, when anes3
thesia is employed, or the body temperature xs—\
reduced to the point at which shivering andg
the defensive reactions are obtunded, there is3
an over-all reduction of bodily mclnbo]ism?
that is reflected in lowered oxygen consumpe
tion. 4>, 119,309,318 There has been conSIderable‘—l«
debate as to whether this fall in oxygen con
sumption bears a linear 43 112318 or cxponcn%
tial 206,333 relationship to the drop in bodyZ
temperature, but the important fact would seemS
to be that there is roughly a 6 per cent fall ing
oxygen consumption per degree centigrade fallS
in body temperature within the range of hypo«-:
thermia employed clinically today.3®® Owgem
consumption of the dog. for instance, is n-N
duced to 50 per cent of the normal at 30 C. e
and 16 per cent of the normal at 23 C.2°
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It has been widely assumed that since ar-
. teriovenous oxygen differences are not appar-
ent during cooling, and that since oxygen uti-
lization rises during the rewarming period
parallel to body temperature, oxygen debt is
not incurred by the body in hypothermia; 442
but more sophisticated biochemical analyses
now suggest that this may not be the fact,
since the reduction of oxygen uptake by the
cell may not necessarily correspond to a reduc-
tion of oxygen requircment by the cell.? In
any event, even if the body as a whole does
not contract an oxygen debt during hypo-
thermia, it is quite possible that individual or-
gans may do so, at least during prolonged
hypothermia at low temperatures.*% 15
Respiration. The effects of hypothermia
upon respiration also mirror the pattem of
initial stimulation followed by ultimate depres-
sion. Thete is, with the exception of the tran-
sient increases scen during the early cooling
period, 3, 295318 3 close and almost linear cor-
relation between the fall in body temperature
and the decrease in respiratory rate and depth.t
- At about 24 C. (in the dog) a respiratory crisis
oceurs, and the respiratory volume diminishes
to the point of cessation.??s Further cooling
then necessitates artificial ventilation, and this
is almost standard procedure in the experimen-
tal preparation at the temperature levels of
moderate or deep hypothermia.*®
Both the physiologic and anatomic respira-
tory deadspace are increased during hypother-
mia, apparently due to bronchodilatation; *7
but this appears to be the only major change
in the lungs, since distribution and diffusion
functions are well maintained as low as 20 C.
in the dog. The oxygen dissociation curve is
shifted to the left in hypothermia,™® so that al-
. though oxygen combines easily with the blood’s
hemoglobin, it dissociates only at unusually
low tissue pressures of oxygen: therefore, de-
spite the reduced pulmonary ventilation during
hypothermia, the respiratory volume is large
in comparison to the volume of oxygen re-
moved from the inspired air.’*' Nevertheless,
 analyses of arteriovenous oxygen differences in-
dicate that the same fraction of oxygen is ex-
tracted from the blood at 18 C. as at 38 C.
suggesting, as already noted, that the tissues
contract no significant oxygen debt during hy-
pulhermin.“- 190, 310, 340
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During. rewarming, respiratory movements2
return at about 28 C. and regular respirations3.

at about 30 C.>* 13:’_
Circulation. The effects of hypothermia®

‘upon the circulation, and particularly upong

heart action, are crucial factors, inasmuch as3
with progressive cooling acute hypothcrmia%
eventually leads to either asystole or ventriculars:
fibrillation. There is an early increase in heartg

‘rate,13 nssociated with cither visible or occulf)

shivering, but after this initial tachycardia thes
pulse rate falls linearly with the decrease in3
body temperature,®% 2%-9% 20  Heart rate, ixér.
the dog, is about 40 beats per minute at 25 Cg
and 15-30 beats per minute at 18-20 Cs8
This profound bradycardia is not influenced bﬁ;
cither vagotomy or atropinization, and it i
probable that it represents a direct effect
cold upon the sinus pacemaker.3%

Of even more importance than the chang&é
in heart rate are the disturbances of cardia@
thythm which occur during acute hypothermix
The electrocardiogram shows a prolongation of
the P-R interval, lengthening of the QRS com:
plex, and an increase in the duration of the
Q-T interval.s5. 180, 218, 318, 330 These delays i
intraventricular conduction time ** are almods
directly related to the temperature 9% 143,38
and produce marked lengthening of both c]cou;
trical and mechanical systole.®> In addition}
the ST segment may become elevated or d
pressed; and the T-wave may become diphasi&
then deeply and bizarrely inverted as the tems
perature approaches 20 C.: 0 these latter eleo
trocardiographic changes have been compare®
to those seen in myocardial anoxia.®? Ag
rhythmias are frequent at temperatures belo®
98 C., and may take the form of nodal rhythng
premature ventricular contractions, auricul®
ventricular block, or even ventricular fibrill
tion.* Indeed, as already noted, when coolin]
is continued below 20 C., either ventricul
fibrillation or cardiac asystole will occur;** 5
and the smaller the animals species, the ]owc'g‘
will be the critical temperature for such cess®
tion of effective cardine activity.* A peculis
electrocardiographic wave has been not
which rises steeply from the S-wave 108, 143,38
and is said to presage the onset of ventriculp
fibrillation, s 141 33¢ although certainly fbrille
tion occurs often in the absence of this “cur-
rent of injury.” 0 Whether or not cessation
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of effective cardiac activity occurs as a result
of myocardial hypoxia remains debatable: *-
=38 glycogen stores of the heart muscle are
depleted during hypothermia,®* but it has
been claimed that there is no interference with | /
the conversion of acrobic energy into useful’
work.2* During rewarming, there is a return
toward a normal electrocardiogram in the ex-
perimental animals, but the valtage of the QRS
complex remains low, and the T-wave and ST
segments are of different form from those seen
prior to cooling.*!

Even in the absence of scrious arthythmias,
however, cardiac output falls quite markedly
during hypothermia. There is an initial rise
during the stimulatory phase of cooling, but
then cardiac output falls to very low levels as
the body temperature is reduced,™ 2 being
14 per cent of the normal at 20 C.#* and 10
per cent of the normal at 17 C.*°  The fall
in cardiac output apparently is not due to de-
creased ventricular contractility; 194 167 and al-
though coronary blood flow is reduced rather
markedly during hypothermia,?® 33 it is thought
to be sufficient to maintain an’ adequate sup-
ply of oxygen to the myacardium 2% since the

! reduction in cardiac work is proportionately
greater than the reduction in coronary blood
flow.*s Deep hypothermia will depress the
myocardium directly,10% 167 however, and pro-
longed hypothermia may produce actual stag-
nant anoxemia.}®®

As a result of the decreased cardiac output,
blood pressure generally falls in hypothermia,*#
but it may not always do so at the temperatures
of moderate or light hypothermia employed
clinicaily.3** * Usually, however, there is a rise
in blood pressure during the early cooling pe-

riod, followed by a gradual fall as body tem-

perature is reduced: below 24 C. a crisis oc-
curs, and there is 2 rapid onset of a severe de-‘
gree of hypotension.3t®* The fall in blood pres-
sure is due chiefly to the reduction in cardiac
output, inasmuch as the peripheral resistance,
in both the systemic 4% and pulmonary circula-
tions,*!* is increased, probably due to vasocon+
striction in response to a direct action of cold
blood on the arterial walls.>*

Blood. The blood itself undergoes signif:
jeant changes during deep hypothermia: vis-
cosity is increased and there is a rather marked
tise in the red blood cell count, the hemo-
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globin t, and the h rit,114 probably &
due to a temporary loss of plasma from the cir- 5

culating blood either as a result of trapping in m
the minute peripheral vessels 337 or actual shift m
of water to the tissues,!*? (smcc the red ce]l-

1 itself remai d) . Con-3
versely, there is an almost complete disappear-=
ance of platelets, white blood cells, and eosin-2.
ophils during decp hypothcrmm 197,417 55 g rc-‘“
sult of sequestration in the liver, spleen, nndN
possibly also in the gut and bone mnrmw.“"—
This thrombocytopenia is associated with pro-3
longed bleeding and clotting times at 20 C.,1°%g
154,37, 408 byt these changes may not be sccnc,
at the temperatures of moderate hypothcrmmg
‘which are employed clinically.!*®

Milieu Interne. ‘The biochemieal changes of“’
the body during hypothermiz are extrcmely:"
complex, and are particularly dependent upono
the presence or absence of shivering, and thq°:
type of respiration. Spontaneous rcsplmlmnm
becomes depressed during hypothermia. as alg
ready noted, and results in‘a fall in the pH of?
the blood,=% 132 which is accentuated if shivcr%
ing is allowed to occur during the early coolingS
period.® The development of such an acide
sis may be of significance in the production ol
ventricular fibrillation,** but it can also havc_N
the theoretical advantages of counteracting thqu
effect of low temperature on the oxygen diss
sociation curve, and of compensating for ﬂng
depressant action of low temperature on thtg
respiratory center.!!?

Changes in the electrolytes of the body argg
also much influenced by the type of vcnhlatxor%
and the occurrence of shivering. The conccn-a
tration of serum sodium either does not chnng@
appreciably during hypothermia,!12. 119, 150, 0%
or is decreased to a moderate extent.?* Plasm®
potassium may fall 23,39, 383, 4% or rise 128 dur®
ing hypothermia, particularly if shivering oc%
curs {as a result of the release of potassium bU
the breakdown of liver glycogen), but this ris
may be prevented or converted to an aclu:&
decrease in serum potassium by hyperventilaS
tion, Serum calcium is also i 1 durs
ing hypothermia,’® 2% and in the presence of
unchanged or decreased plasma potassium 1€
can result in an increased calc:um/potassmm)
ratio which may be partially responsible for (hg
enhanced myocardial sensitivity.3* Consider-
able attention has been directed to the shifts in
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concentrations of these cations, in view of the
fact that cardiac conduction depends to a con-
siderable degree upon the proper distribution
of sodium, potassium, and calcium; but con-
flicting data exist on the question of whether or
not significant changes in their concentrations
occur in the myocardial cell.3¢. 209, 782,382 A
linear increasc in scrum magnesium with re-
duction of rectal temperature has been demon-
strated, but the relation of this finding to car-
diac conduction is also not clear.313

{ Hyperglycemia occurs as a result of the
‘shivering of early hypothermia,?o* but also oe-

“curs in the absence of shivering because of a

failure to metabolize glucose at temperatures
of 30 C. and below; 423 and this impairment of
metabolism applies to both exogenous and
endogenous glucose.s**  These facts have led
a number of workers to employ glucose infu-
sions with caution in patients during hypo-
thermia.

Kidneys. There is a twofold cffect of hypo-
thermia on renal function, one an indirect effect
upon glomerular fltration mediated via the
cardiovascular system, and the other a direct
effect upon tubular processes. As the body
temperature is reduced, the progressive reduc-
tion in mean blood pressure leads to a reduc-
tion in renal blood flow #** and in glomerular
filtration rate.="® 284302 The decrease in glo-
merular filtration rate, however, does not lead to
a decrease in urine volume of comparable de-
gree,?8 indicating that there is impairment of
reabsorption in the distal tubules, probably as
a direct cffect of cold.'* This depression of
function in the distal tubules not only prevents
the reabsorption of water, sodium, and glu-
cose,®*% 368 byt also the excretion of potas-
sium,*** and the production of ammonia and
creatinine.®  Both blood flow and filtration
rate return to only about two-thirds of normal
immediately upon rewarming, but are normal

_ within twenty-four hours.*s¢

Liver.  Splanchnic blood flow has been
shown to decrease progressively and in linear
fashion as the body temperature falls during
acute hypothermia. 12 This decrease in blood
flow is accompanied by a decreased oxygen
utilization and carbon dioxide production. The
liver can apparently continue to utilize oxygen
and avoid hepatocellular hypoxia even at a
body temperature of 25 C.,% but there is
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suggestive evidence that during prolonged hg
pothermia at lower temperatures the liver m:
contract an oxygen debt.*>> Bile flow is slow
in the hypothermic liver,% and liver glycogef
is rapidly utilized: in animals with ample storés’
of carbohydrate at the initiation of coolin
blood glucoese is increased during the earl
phases of hypothermia and remains elevated. &
Of great clinical importance is the effect of deg
pressed hepatic metabolism on drug detoxific}

{ tion. The half life of morphine increases from

:3.7 minutes at 37 C. to 94 minutes at 24 C,, &
twenty-three-fold increase in the time necessar,
for the liver to conjugate free morphine.33*
similar, though less extensive, effect on the de
toxification of thiopenal has also been demors
strated, and may well apply to the conjugatiof
and detoxification of other drugs. Howeve
although liver function is quantitatively d&

. (o]
creased during the actual phase of hypotheg
mia, liver function appears to return to normg
following rewarming.182

Endocrine System. The initial induction 8
hypothermia produces a stressor effect as i
dicated by a moderate activation of the adrensb
cortex,25% 336 but following the establishmerg;
of the hypothermic state there is depression ob
pituitary, ACTH, and adrenal cortical secrdy
tions.41. 192,232 Adrenal sensitivity to cxog%\é
nous ACTH is likewise markedly reduced, apg
parently as a direct effect of lowered tcmpcng
ture on the adrenocortical cell.!3 There is 8

- prompt return of adrenal activity upon rewanms
ing, and, indecd, there may even be overads
tivity during recovery from hypothermia.=¢* %

Central Nervous System. The effects of hys
pothermia upon nervous tissue, and particularl

- upon the central nervous system as an cnm)g

are varied. Cooling slows the speed of con-\
duction in peripheral nerves,’® impedes neurs
muscular transmission,®? and depresses the re:
sponses of the subcortical areas and the sping
cord.®¢  However, it also results in-a loss
“purity” of reflex response, so that a smg]g
timulus, such asa le stretch, which cvok@
a pure monosynaptic response at normal tene>
perature, elicits a reflex with a polysynapti
component: incoming impulses create cen
effects which “spill over” or involve other patlps
ways not normally activated.®*! As progressivid
cooling continues a stage is reached at which
a single afferent volley evokes multiple moto-
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neuron discharges. In this phase of hyperac-
livity, hypothermia may aggravate epilepsy
and certain other types of neural seizures.
With progressive cooling, this hyperreflexia and
response to light stimuli is abolished, cerebra-
tion is progressively delaycd, and there is oc-
currence of retrograde amnesia.*¢?  These lat-
ter findings are in accord with electroenceph-
alographic studies, which disclose a depres-
sion of cortical activity during cooling with
little or no activity below 20 C.%3

Of considerable clinical importance is the
effect of hypothermia upon cercbral blood flow
and cerebral oxygen consumption.3® The level
of systemic blood pressure appears to be the
most important single factor controlling cere-
bral blood flow at hypothermic temperatures,?
but cerebral vascular resistance is almost al-
ways increased and must also be a significant
factor.® With the usual decrease in blood
pressure scen during hypothermia in the dog
there is a definite reduction of cerebral blood
flow: between 35 and 25 C., there is a de-
crease in cerebral blood flow of 6.7 per cent
per degree centigrade fall in body temperature,
so that cerebral blood flow is about 50 per cent

of its control value at a temperature of 29 C.343-

3 Cerebral oxygen consumption falls at a
similar rate during hypothermia in this tem-

perature sange,*>+ 3% but only if shivering is’

prevented: it is not valid to assume that hypo-
thermia will always depress cerebral metab-
olism, since, even at temperatures below 28 C.,
cercbral oxygen utilization may be increased
aver 100 per cent if shivering occurs, despite
a decreased cerebral blood flow.3%* The de-
creased cerebral - metabolism which generally
pertains  during hypothermia occurs in the
face of an unchanged arteriovenous oxygen
difference, suggesting that there is no hypoxic
damage to cerebral tissue.333

Also of clinical importance is the effect of

hypothermia upon both brain volume and the
extracerebral space within the cranial cavity.
In the dog at 25 C., there is a decrease in
brain volume of 4.1 per cent and an increase
in extra-cranial space (or that part of the intra-
cranial space not occupied by the brain) of
318 per cent.3# These changes are the results
of both the fall in cerebral blood flow which
has already been mentioned, and a fall in
cerebrospinal fluid pressure, which occurs at
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a rate of 5.5 per cent per degree centigrade
fall in body temperature.344

Both the parasympathetic and sympathetic
divisions of the autonomic nervous system ap-
pear to be deprested during hypothermia, and §
quite markedly below 28 C53 The exact cause
of this depression is not clear, but it may be g
related to the status of the neurohormones. =
Upon rewarming, the sympathetic component =
of the autonomic nervous system returns to 2
normal, but there may be delay in the retum }’
of the parasympathetic component to normal?
activity.
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The most important of these various physxo—
logic effects from the clinical point of view, ofg
course, is the general reduction of body metab-§
olism, and particularly the reduction of myo-:"
cardial and cerebral metatbolism, that occursg
during hypothermia. It is this reduction of@
metabolism that is sought clinically to permity
temporary circulatory occlusion: for operativeZ:
interventions or to counteract the mcrensed5
metabolism of certain pathological processes.S 2
The techniques employed to produce the hypo-o
thermic state, therefore, must be designed notS
only to effect body cooling, but to do so wlth-m
out evoking the neurologic and cndocrinologicﬁ
responses which may be produced by cold.ﬁ
These techniques have often employed com-&
plex equipment, but they are basically simple:S S
they consist of, first, measures to control thco
protective reflexes (shivering and vnsocons(nc-
tion); and, second, actually cooling the palicnt.'a

ANEesTHESIA: The initial response of theg
homeothermic organism to surface cold is a=
combination of shivering and vasoconstriction.g
Shivering, which may be either visible or oc-o
cult, or even take the form of a type of mnscu-
lar rigidity, results both in a delay of cooling
by the production of increased endogcnous_h
heat and in a number of undesirable physmlog-<
jcal reactions, such as increased mctnbolumc
and ‘increased cardiac output, that are quite?
the reverse of those intended.!**  Cooling isS
brought about by an increase in the tempera-g
ture gradient between the body surface nndz
the body core,®* and is generally preceded by“
the most immediate response of the body tom
cold, vasoconstriction in the skin and subcuf)
taneous tissues. Vasoconstriction not only de-
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lays cooling, but also. increases peripheral re-
sistance and thus leads to increased encrgy
expenditure by the organism. The anesthetic
techniques employed in the production of hy-
pothermia have relied varidusly upon chlor-
promazine, general anesthesia itself, or curar-
jzation, to obtund shivering and vasoconstric-
tion.

Chlorpromazine. Chlorpromazine has been
shown to be the effective agent in the “Iytic
cocktail” employed to produce the mild hypo-
thermia obtained by the French technique of
artificial hibernation,??5- 284,338 for it not only
prevents shivering by a central action, but also
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ticularly desirable agent in the presence of
clectrocongulation during neurdsurgical prog
cedures  conducted under  hypothermia. 9%
Even nitrous oxide has been said to prevenﬁ.
the shivering inherent in the hypothermic teche
nique (because of its analgesic action),* bub
sufficient vasodilatation for the induction :)%
hypothermia with safe concentrations of nitrou
oxide is unlikely without resort to supplementa
measures.

Muscle Relaxants. In point of fact, the usi
of a single general anesthetic agent alone f
the induction of hypothermia necessitates ur
desirably decp levels of anesthesia,*** and th
most linical practice at the presen

|18 zes8y &y
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produces  vasodilatation.?t¢  Chlorpr
has been employed extensively for the produc-
tion of hypothermia, and it is still a valuable
adjuvant to chronic hypothermia; the popular-
ity of its use for the production of acute hypo-
thermia, however, has waned considerably be-
cause the drug’s prolonged action can lead to
persistent vasodilatation and hypotension which
are undesirable in the postoperative period.’*¢
Attempts to find other agents that would have
shorter acting effects from amongst the group
of autonomic blocking drugs have not been
entirely successful.®*  Although a number of
shorter acting adrenolytic or ganglionic blocking
agents will produce vasadilatation, they do not
share chlorpromazine’s activity in the control
of shivering.12¢ .
General Anesthesia.  General anesthesia, if
carried to sufficient depth, will of course both
prevent shivering and produce vasodilatation.+3
Almost all of the general anesthetic agents
have been employed for the production of hy-
pothermia, and each has its own protagonists.
Ether stimulates both respiratory rate and
respiratory volume, and this respiratory drive
has been considered desirable in overcoming
the respiratory depression inherent in the hypo-
thermic state?™ Thiopental has been thought
particularly useful for the prevention of cardiac
arthythmias 315320 and even ventricular fibril-
lation 332 during hypothermia, although sys-
tematic study has failed to reveal that the type
of anesthesia per se is a significant factor in
the incidence of ventricular fibrillation during
hypothermia.?” Fluothane, if administered to
a sufficient depth of anesthesia, will both cause
considerable vasodilatation and prevent shiver-
ing, and its non-fammability makes it a par-
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time is to use curarization in combination wif
light levels of general anesthesia. The precisg
muscle relaxant employed is not importan&
since all will prevent shivering if given in sufffz
cient dosage: some have used ga]lamine,’g-
others succinylcholine,™ but the majority
clinical workers have favored curaretst.+&
Curarization with light gencral anesthesi
however, may not be capable of overcoming
vasoconstriction and preventing hypertensions
and in such instances it may be necessary {5
employ such hypotensive drugs as trimetl
aphan® 7 or the methonium compounds.®
It is worth noting, from the clinical point of]
view, that lowering muscle temperature i@
creases the magnitude and the duration of acs
tion of such depolarizing neuromusclar blo
ing drugs as decamethonium and succinylchd?
line; whereas the-intensity of neuromusculd?’
blockade produced by substances such 4§
d-tubocurarine, which block by competitiof
with acetylcholine, is reduced by cooling4* S
MEemiiops oF Cooring: The means by whick
actual cooling of the patient is accomplish
can be classified into three major categorie®
surface cooling, body cavity cooling, and dire®
blood stream cooling. E
Surface Cooling. Surface cooling has bee
the most popular of these methods to dat
It may be accomplished by the simple applica
tion of ice bags,!?s a technique which is bo
inexpensive and readily available, but algt?’
slow, cumbersome, relatively unesthetic (whé@
the ice bags leak, as they often do), and Tac
ing in accurate control of the tempemtu%
level. &
Cooling by immersion in cold water or ice
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water is the most rapid (as the cooling agent
is more evenly distributed over the body sur-
face) and one of the most widely used of the
various surface cooling techniques.t? 403,437
The technique consists of placing the patient
in a tub partially filled with water and crushed
ice, and when a sufficient degree of hypother-
mia has been accomplished, the patient is re-
moved from the tub and positioned on the op-
erating table. This disadvantage can be avoided
by the use of a collapsible tube consisting of a
rigid frame that can be attached to the operat-
ing room table to hold a large rubber or plastic
sheet in the form of a tub; when the tempera-
ture has been lowered to the proper degree, the
water can be quickly emptied and there is no
need to move the patient, a mancuver that
has been condemned as dangerous in the hypo-
thermic state.185. 188, 202

Refrigerating mattresses or blankets, with
coils to circulate fluid contained within them,
permit either cooling or. rewarming by regula-
tion of the temperature of the circulating
fuid.+* 2,213 This method therefore has more
controllability of body temperature than im-
mersion cooling, but the rate of cooling is rela-
tively slower. A major disadvantage is the

P of the cooling units availabl
cially, although much of this expense can bc
avoided by the use of ingenuity in constructing
simple homemade units.?

Air can also be used as a cooling medium
in surface cooling, and extremely claborate cold
air chambers have been constructed which per-
mit cooling by fanning cold air, or warming by
blowing warm air, over the paticnt.2®. 100, 237, 403
Considerable controllability of body tempera-
ture has been possible with such equipment: a
thermocouple adjusted to the desired rectal
temperature is inserted in the rectum, and
when this automatically-controlled thermo-
couple is activated, the rectal temperature can
be held at very constant levels for hours, or
even days, at a time. The disadvantages of air
cooling, however, have been that the apparatus
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is cumbersome, since it must be a chamber of-

sufficient size to contain not only the patient
but also the heating and cooling units and the
fans, and the commercial units available are
almost prohibitively expensive. A simple and
inexpensive method of air cooling consists
merely of spraying the surface of the body
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with cold tap water while fans blow upon the
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skin: 38t the simplicity and inexpensiveness of &
this method of air cooling aze perhaps offset 3
by the loss of controllability of body tempera-
ture and the rapid rate of cooling available in
the cold air chamber.

Body Cavity Cooling. Body cavity cooling
is a well-known technique in medicine, for cold
colonic irrigations have been used by genera-
tions of physicians to counteract hyperthermia; &
but it has been used by only a handful of
enthusiasts to induce total body hypothermia.
Hypothermia can be induced during thoracot-
omy by perfusing cold saline into the pleural 5
cavity, and rewarming is effected in a similar 5
manner with warm saline** The method is 3
slow, however, since as much as 75 liters of &
saline may be required.®** An additional ma- &
jor disadvantage is that during cooling, theg
heart is exposed directly to the cold solution 5
and cardiac irregularitics are common. Pcn-
toneal perfusion has also been employed on an's
experimental basis, iced saline being introduced 2
directly into the abdominal cavity to cool the ‘.‘T
blood not only as it flows through the great g !
vessels, but also as it flows through the portal 3 3
vascular bed and other abdominal viscera. The &
method permits direct cooling of the intestines, §
liver, and other abdominal viscera; but tth
problems of infection and the initiation of ab- J
dominal adhesions remain unresolved. The &
method shares the disadvantages inherent in
pleural cavity cooling of being slow, cumber-
some, and producing tissue temperature gra-
dients. In intragastric cooling a balloon in- 3
troduced through the esophagus into the stom-
ach is inflated via a double-lumened connect-
ing tube with up to 800 ml. of water at 4-6 C., S
and the water is then circulated back through §
the connecting tube by a pump to a coolmgo
coil before being recirculated into the gastric?
balloon; rewarming is effected in a similar &
manner,?? 233,234 The technique is slow, butE
when combined with the use of a refngcmtmg c
blanket, intragastric cooling speeds the induc-&
tion of hypothermia in comparison with theS
use of the cooling blanket alone.?®> Even the g
bladder, perhaps the most unlikely of the body =
cavities for the purpose, can be employed 100
produce total body hypothermia: bladder ir-ro
rigations performed with fluids at room tem-
perature will reduce the body temperature of
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a small dog as much as 4.5 degrees C. per
hour,®

Direct Blood Stream Cooling. Direct blood
stream cooling, or pervascular cooling, consists
of removing blood from a cannulated major
vessel, cooling the blood, and then returning
the blood to the body through another can-
nulated vessel. Arteriovenous cooling employs
an artery (femoral) for the withdrawal of
bloed, then circulates the blood through a series
of coils immersed in ice water or other re-
frigerant fluid, and returns the blood to a vein
(femoral). 115347 Arteriovenous cooling has
several inherent disadvantages in comparison
with other methods of direct blood stream
cooling: it requires cannulation of a major ar-
tery, which has been responsible for thrombo-
sis; its efficiency decreases pari-passu with the
development of hypothermia, since cardiac out-
put falls and circulation of blood through the
extracorporeal coil slows; and it has the effect
of an arteriovenous fistula, which may accen-
tuate or precipitate a right-to-left shunt in some
patients with congenital heart disease. Veno-
venous cooling, which removes blood from a
vein (external jugular) and also retums it to a
vein (femoral) after cooling, surmounts these
drawbacks.3! A pump, which can be a simple
rotary type, is neccessary in' veno-venous cool-
ing to withdraw the blood from the circulation,
move it through the cooling coil, and then re-
turn it to the body. A modification of this
method inserts the withdrawal ¢annula through
the right auricular appendage into the supe-
rior vena cava and pumps the blood back
into the femoral vein after passage through a
simple cooling coil % or a complex refrigerat-
ing-warming unit: this form of veno-venous
cooling removes the tedic of ¢ lating
neck veins, which can be of real difficulty in
young children.® A further modification em-
ploys cannulation of both the superior and in-
ferior vena cavae via the right atral ap-
pendage, withdrawing the blood from one
vena cava, cooling it, and pumping it back
into the other vein. In this manner, operation
can be begun at normal temperature and full
cardiac exploration carried out to complete
the diagnosis before making the decision as
to the use of hypothermia; if operation under
hypotliermia is then deemed advisable, can-
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nulation of the vena cavae and cooling can beo
carried out® A final form of direct bloods
stream cooling, veno-arterial, consists of with
drawing blood from one of the large systemig
veins and, after passing the blood through
cooling unit, pumping it back to the pah‘cng
through an intra-arterial catheter.  This techs
nique increases coronary blood flow, and in thé
experimental animal results in a-striking ima
provement in heart action, as well as a reduced
incidence of ventricular fibrillation, during veni
tricular cardiotomy.343
Direct blood stream cooling is without quesS
tion the most rapid of all the methods of cools
ing, and rapid cooling has been considered ded
sirable by some in view of the fact that thg
coronary blood flow during hypothermia una
dergoes a precipitate fall while the body tem=
perature is being lowered from 36 to 28 C
and then at temperatures below 25 C. remainf
disproportionately high in spite of a fallin
aortic blood pressure. This danger period o
precipitate reduction in coronary flow can be
circumvented by the rapid cooling inherent ®
thé pervascular cooling techniques.™® Rapi®
cooling of the bloed stream dircctly also obS
viates the intense body reaction to cold evoked®
by surface cooling, since the temperature R
the body core is reduced immediately, thusy
depressing endocrine and hypothalmic ncli\:E
o
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almost at once. Hence, both reflex periph
vasoconstriction of the skin vessels, due to con
tact with a cold stimulus, and shivering, due t§
temperature gradients, arc in large measurt)
avoided by the pervascular technique, Dired
blood stream cooling is not without major dis=
advantages, however: it requires traumati®
lation of major Is of the body, i
employs a complicated pump and cooling
that can be added worries in an already cont
plicated technique, and it may cause damagg.
to the formed elements of the blood when QIE
Iatter is passed through a pump and system
of coils. 2
Adjunctive Mecasures to Cooling. The fad
that progressive hypothermia will, at
ciently low body temperatures, lead to cith
ventricular fibrillation or cardiac asystole,
the fact that these events will occur at higher
body temperatures when circulatory occlusis
is superimposed upon hypothermia, have int




Volume 20
Number 6

cated the need to support cardiac function 252
if longer periods of circulatory occlusion than
are presently permissible are to be employed
as clinical techniques. The protective cffect
of a well-maintained coronary flow in hypo-
thermia induced by a simple veno-arterial pump
circuit has already been noted,7 suggesting
that myocardial failure during hypothermia can
be attributed to inadequate myocardial oxy-
genation brought about by diminished coro-
nary flow and progressive desaturation of the
blood -supplied to the coronary arteries during
inflow occlusion.3®* The use of arterial trans-
fusion,? or the administration of oxygenated
blood by gravity from a simple reservoir into
the root of the aorta above the occlusive clamp,
during circulatory occlusion under hypothermia
will provide an indirect coronary flow 311 which
will almost double the permissible occlusion
time.* The use of heparinized blood 3% is
preferable to the use of citrated blood for this
purpese, since it won't add to the acidosis
usually associated with periods of inflow tract
occlusion.t2 The protection provided for the
heart with this method has brought to the fore-
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bypassed, by appropriate climping of theg
great veins and the aorta, and the heart thus2
rendered bloodless prior to cardiotomy for the2:
performance of intracardiac operations, whiled
the circulation to the rest of the body is main3
tained by the pump-oxygenator.'™*3% The
development of extremely efficient blood heat3
exchangers 7 permits rapid and highly control:
lable cooling and rewarming (1 degree C. fal
in body temperature per minute)™ at low
blood flow rates (20~40 cc./kg. of body
weight).**®  Such a combination of moderate
hypothermia and a low-flow pump-oxygenatot
will allow the bypassed, contracting heart t&®
be safely deprived of y flow for longeg
periods than with hypothermia alone.***  Thig
time can be extended by the production of
elective cardiac arrest since the nonbeating:
hypothermic heart will withstand periods of
irculatory occlusion that t be tol i)
by a contracting heart at the same level lﬂé
body temperature.r™ Cardioplegia may b&
produced by perfusion of the coronary systend
with potassium citrate,3"2 acc!ylcholine,“’v"-g
or a solution of potassium, magnesium andk
neostig 361,423 g bination which is be®
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front the problem of cerebral d during
circulatory occlusion under hypothermia, 3¢ and
there is evidence that under the circumstances
of prolonged circulatory occlusion not only the
heart but also the brain must be perfused with
oxygenated blood.1**  In.fact, the safe period
for circulatory occlusion in the hypothermic
dog can be extended from twenty-five minutes
when coronary perfusion alone is employed, up
to forty minutes by the use of both coronary
perfusion and carotid perfusion.®**

The use of coronary perfusion, carotid per-
fusion, hypothermia, and circulatory occlusion,
all together, is a combination of technical ma-
neuvers awesome in its complexity, and not
unreasonably perhaps has led to the logical
extension of combining hypothermia with a
pump-oxygenator.®® There has been reluc-
tance to combine the risks of two dangerous
procedures, but in fact the combination per-
mits the use of moderate, rather than the more
dangerous deep, hypothermia,®* and a simple
Jow-flow pump-oxygenator which avoids the
complications inherently produced by large
capacity pump-oxygenators.2** With this tech-
nique, both the heart and the lungs can be

lieved to aid in the restoration of normal hear
beat (which can be decidedly difficult to ac:g
complish in the hypothermic heart).2% N

Individual Organ Cooling. Although thed
selective cooling of individual organs is rclatcg
to total body hypothermia only indirectlyl
these methods are attracting increasing labora&
tory interest and may become of clinical ulilityfo
in the future. ©

Selective brain cooling was employed h%
Temple Fay almost twenty years ago, for thg
treatment of head injurics and instances of
postoperative cerebral edema, by constant s
rigation of the surface of the brain with col
saline through burr holest¢  More recently
differential brain cooling has .been accon
plished by a form of direct blood stream cod)
ing which requires doubly-cannulating  thj
carotid artery, directing the blood through
cooling coil, and then pumping the cold blood
back through the distal tubing in the carotid
artery.?**  With this technique it is possiblg
to produce differential cooling of the brain t§
14 C. (internal jugular blood temperature}
while the gencral body temperature remairg
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above 31 C.#% Thus, maximal brain protec-
tion is accomplished at a heart temperaturc
that is well above the fibrillatory range. Brain
cooling to these temperature levels is not with-
out danger = however, and cooling below
12 C. can result in central nervous system
defects.s  In addition to brain temperature,
the other important factor. is perfusion flow,
or pressure,*® which must be closcly aligned
with systemic arterial blood pressure to avoid
the production of high systemic venous pres-
sures, and consequent cercbral edema and
cardiac failure.#*?

Selective visceral cooling of abdominal or-
gans also has been accomplished, by placing
cooling coils around the liver of dogs® or
wrapping a thin-walled plastic bag as a cooling
jacket around the kidney; 3% and both renal 48
and hepatic®®® surgery have been accom-
plished clinically in isolated instances with
localized organ hypothermia.

Conpucr o Hyrotuermia: The rate of
cooling in the production of hypothermia will
depend mainly upon the size and body build
of the patient, the presence or absence of shiv-
ering and vasoconstriction, and the method of
cooling. Rapid cooling is generally favored,
not only for surgical convenience and to mini-
mize the effect of cooling on coronary flow,*
but also to decrease the risk of frost bite or
tissue damage during surface. cooling. How-
ever, rapid cooling can produce tissuc tempera-
ture gradients, and it has been postulated
that the effect of cold bleod upon a relatively-
warmer myocardium may predispose to ven-
tricular fibrillation; furthermore, the downward
“drift” of body temperature which occurs after
surface cooling is discontinued (usually to
the extent of about two-thirds the number of
degrees the temperature has been lowered at
the time cooling is discontinued) is likely to
be greater if cooling has been rapid, and may
lower body- temperature into the range (be-
low 28 C.) in which serious cardiac arrhyth-
mias are common.**8 During the course of the
induction of hypothermia, “cold narcosis” su-
pervenes, as previously noted, and the require-
ments for ancsthesia are decreased during
hypothermia.18% 302

Monitoring. Much of the complexity asso-
ciated with the techniques of hypothermia is
due to the necessity of monitoring several
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physiological moictics and the fact that such9
monitoring must be from the core, rather t]mn§
the surface, of the body in order to provideg
information of value. A variety of electricaly
thermocouples are  available #2142 201 whicl
will allow continuous readings of body tem§
perature, and the multichannel models of theses
thermometers permit readings to be m:u]t.U
from a number of different body sites. It hn%
been shown that thermal gradients -exisf,
throughout the vascular system during normolﬂ
thermia,*" and that such gradients both cxxsrg
and may even be accentuated during hypo-g
thermia. 19938  Studies of these gradients res
veal that temperatures recorded from the low 8
third of the esophagus bear a closer correhy
tion to both the true core temperature 1% “?jn
and the temperature of the cerebral corg-
tex 199, 389 than do rectal temperatures. Indecdw
rectal temperatures fall more slowly thmE
esophageal temperatures during cooling,°® an
there may be a difference of up to 4 degrees C2.
between the readings at the temperatures o{%
moderate hypothermia employed today.3%? g
In similar fashion, adequate readings of arm
terial blood pressure must also be made fmms
the core rather than the shell of the bodyf”
inasmuch as the intense vasoconstriction prc-
cipitated by surface cooling may cause a clm-q
jcal disappearance” of the blood pressure aftcpo
a fall in body temperature of as little as B
degree C.5° -~ When blood pressure is momO
tored by an intra-arterial pressure tmnsducc\"‘
it becomes evident that not only may the press,
sure be recordable, but frequently there mnﬁ
even be a rise rather than a fa]l.30, 330
Electrocardiographic monitoring has bec@
almost routine during the clinical conduct of
hypothermia, and in view of the d:sturbmg
cardiac effects of hypothermia, there is n&
doubt ample justification for this momtonn@
The electroencephalogram, however, has beesr
thought by some to be a more sensitive india
cator of cercbral anoxia,?% 40 particularly durSi
ing cardiac manipulations or total cu'cu]atorg
occlusion,25% 306,338 and therefore perhaps re=
flects changes of the circulation to other vi
organs in a more precise manner than does the
electrocardiogram.  Monitoring of the bw‘—r
chemiecal changes of the body during hypqg
thermia is perhaps the best indication of the*
state of the circulation to the tissues of the
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body.#®  Changes in the blood pH and carbon
dioxide tension are of particular concem, be-
cause of the possible relationship of acidosis
to the onsct of ventricular fibrillation: indeed,
in at least one clinic, a falling pH is sufficient
indication to stop the operation until the re-
establishment of normal acid-base equilib-
rium.5* It should be emphasized that correc-
tion factors for the physicochemical effects of
low temperatures must be applied to estima-
tions of both blood pH and blood gas tensions
during hypothermia 3t 370

Ventilation. Ventilation, of course, is a ma-
jor factor in the causation of acid-base changes,
and the progressive respiratory depression
which occurs during hypothermia tends to pro-
duce a falling pH and acidosis. For this
reason, many clinicians have insisted on hyper-
ventilation during -hypothermia in order to
combat the onset of respiratory acidosis.?®
Others are not in accord with the belief that
hyperventilation is a necessity, pointing out
that the operative procedure may be a major
factor: hyperventilation may be essential dur-
ing cardiac surgery with total circulatory oc-
clusion, but during hypothermia for ncurosur-
gery, with a closed chest and occlusion of only
a segment of the circulation, spontancous res-
pirations may be adequate to maintain normal
pH.#03  Finally, there are those who fear the
production of respiratory alkalosis, thought also
to be a factor in the precipitation of ventricular
fibrillation, and yet admit the necessity of pre-
venting respiratory acidosis for the same rea-
son. These workers have compromised by
employing hyperventilation with a mixture of
5 per cent carbon dioxide and 95 per cent
oxygen to maintain a constant pH.24®

Fluid Therapy. There is, as well, consider-
able disagreement as to the proper fluid ther-
apy during hypothermia. The inability of the
body to metabolize glucose during hypother-
mia 43 may lead not only to hyperglycemia
but also to disturbing alterations in blood pro-
tein and électrolyte concentrations.$** On this
basis the administration of glucose to the hypo-
thermic patient has been considered a hazard.
On the other hand, there is evidence that glu-
cose can increase the contractile foree of heart
muscle at lowered body temperatures;%¢
therefore, the administration of glucose to the
hypothermic patient has been considered a
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necessity by some.  The body also shows a de-
creased tolerance during hypothermia to the &
high concentrations of citrate, lactate, and phos- 5
phate, present in routinely banked blood **® 8
and the use of freshly drawn, heparinized blood §
is advocated if transfusion is necessary. =
Rewarming. A final consideration in theg
clinical conduct of hypothermia concems theZ
problem of rewarming. Slow rewarming fol-2
lowing the termination of acute hypothermia
is usually considered preferable to rapid re-»
warming, since the latter appears to increase 2
the danger of “rewarming shock.”* The§
same methods employed for cooling are ap-3
plicable to rewarming: surface, body cavity, or3
direct blood stream rewarming. Surface re-3
warming may -be by the application of hotS
water bottles, by immersion in warm water,$
by circulating warm fluid through refrigerating3
mattresses or blankets, by blowing warm air ing:
the cold air chamber, or by the use of dia
thermy coils wrapped around the body.s2 3%
Body cavity rewarming can be accomplishedZ:
by circulating warm water in the pleural or®
peritoneal cavities, in an intragastric balloon,2.
or through a rectal tube® Direct bloody
stream ‘rewarming is easily accomplished by®
using warm fluid as the media surrounding du.%
extracorporeal cooling coil or in the heat:y
exchanger. The tendency is not to rewarmy
actively, but to allow spontanecus rewarming,®
which will occur slowly even in the absence
of shivering.4¢ Indecd, shivering during reS
warming should be prevented, since the dc%‘
currence of metabolic acidosis will enhance the
danger of “rewarming shock,” 1 and chlor$
promazine or analgesic drugs are employed ta:
suppress shivering. An overshoot in bod)§
temperature may occur following rewarmingg
the reverse phenomenon to the drift dcscribc%g
during cooling and probably due to a similaf
mechanism. 3

CrixicaL Uses

nb Aq Jp

The clinical usage of hypothermia has beerd,
predicated upon the almost lincar reductios
of metabolism, and therefore of oxygen utilizaz;
tion, that occurs as a result of lowered body=
temperature in the normothermic organisn®
Hypothermia thus has been employed to pers)
mit occlusion of all or part of the circulatiofg
during surgical interventions, or to control
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sabolic activily in pathologic states during
which hypoxic damage is cither present or is
a distinct possibility. It is perhaps a generali-
zation to state that circulatory occlusion de-
mands deeper degrees of hypothermia than
that used for the control of catabolic activity,
which often consists more of the prevention
of hyperthermia than the production of true
hypothermia. It is also a generalization to
state that hypothermia for circulatory occlu-
sion during operation is acute hypothermia,
whercas hypothermia for the control of cata-
Dbolic activity is chronic hypothermia that may
be maintained for hours, days, or even weeks.

Suncicar. Uses: The object of acute hypo-
thermia is to permit circulatory occlusion dur-
ing surgery by protecting the vital organs of
the body for a limited period of time. The
duration of this pericd of permissible circula-
tory occlusion will depend upon a multitude
of factors: chicf among them are the depth of
hypothermia, the extent of circulatory occlu-
sion, the magnitude and nature of the surgical
intervention, and the patho-physiologic con-
dition of the patient.

Cardiac Surgery. The use of acute hypo-
thermia during operations upon the heart- per-
mits total circulatory occlusion by decreasing
the danger of ischemia to the central nervous
system and other vital tissues. Thus it be-
comes possible for cardiotomy to be performed
and definitive operative procedures under-
taken within relatively bloodless chambers of
the apen heart, Many congenital and acquired
forms of cardiac defects have been attacked in
this manner, including atrial septal defects of
both the primum and secundum variety,® 1.
231, 304,308,390 pulmonary stenosis of both the
valvular and the infundibular types,?s 1% 231,
394, 308, 300 tetmlogy of Fallot, 122, 221, 304, 395 gor-
tic stenosis, % 297 mitral stenosis,®” ventricular
septal defects,® and tumors of the heart.®®
There are, however, definite limitations im-
posed upon the performance of open heart
surgery under direct vision during hypother-
mia. The danger of ventricular. fibrillation is
great during this type of surgery, since pre-
cipitating factors of this complication include
manipulations of the heart, the alterations in
circulatory dynamics produced by such opera-
tions, and the profound degrees of acidosis
which ‘may be produced by total circulatory
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occlusion.  The Tazard increases greatly a
the body temperature is lowered below 28 C2
in the adult or 26 C. in the child. The perg
missible period of circulatory arrest at thes§
temperatures has been variously estimated afy
being from five minutes?¢ to fifteen min§
utes,* but probably lies in the range from sixz
to ecight minutes, with a maximum of te®
minutes. These temperature and time limitg
indicate that only open cardiac proceduref
which can be completed in ten minutes o
less should be done under hypothermia, an
it is the consensus, at present, that such surg’:)r
gery would include operations for pulmonary’
valvular stenosis, pulmonary infundibular st
nosis, atrial septal defect (secundum), atri:
septal defect combined with pulmonary valvud
lar stenosis (tetralogy of Fallot) and congenital
aortic stenosis.

Cardiac dures which d morg
than ten minutes of intracardiac operating timeg.
such as congenital lesions involving the venz2:
tricular septum, transposition of the great vese'
sels, and total valvular replacement, dcm:m@:
more claborate techniques than simple, acut®
hypothermia. The combination of hypothers
mia of a safely attainable degree and corona
perfusion of oxygenated blood has been ems
ployed in such procedures,™ and will extcn%
the duration of permissible circulatory occlu®
sion to twelve or fifteen minutes.?®  The cve
more elaborate combination ‘of hypothermis
low-flow extracorporeal circulation, and cardio
plegia, will extend the permissible occlusiot.
time to at least seventeen minutest and wi%
permit repair of intra-auricular septal defects:
of the difficult ostium primum type, as well a3
the repair of intraventricular septal defects &

Great Vessel Surgery. Occlusion of thg
thoracic aorta during normothermia can inP
peril the functional integrity of the spindl.
cord,2% 204, 314 the kidneys *5* and the liver an’
other abdominal viscera.?'> The permissible
occlusion time, however, can be greatly ef}
tended by the use of hypothermia, although
prolonged occlusion of the thoracic aorta mag
lead to cardiac failure even though hypother=
mia affords complete protection for the sping}
cord, kidney, and viscera,**¢ Hypothermia hg
been employed clinically for resection of tig
aortic arch,117%. 181 the thoracic aorta 186232 and
for operations upon the distal aorta, or its
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branches, which require occlusion of the aorta
above the renal vessels or celiac axis.

Neurosurgery. The ability to occlude the
circulation of the brain with some degree of
safety by interruption of the flow through the
carotid and vertebral arteries in the neck,?33
or individual arteries within the cranium,%
has been of outstanding value in neurosurgery.
Both ventricular fibrillation,%® and profound
disturbances of hemodynamics following hypo-
thermia,**¢ can occur, but are far less likely
to be encountered than in cardiac surgery with
total circulatory occlusion. Body temperatures
of 30 C. provide protection for eight to twelve
minutes of occlusion of the cerebral blood
flow,?¢ but if longer periods are necessary
multiple occlusions of shorter duration, with
intermittent resumption of flow between oc-
clusions, are safer than a single, prolonged
occlusive episode.?s?

Hypothermia has found its greatest use in
neurosurgery for the definitive operative at-
tack upon ruptured intracranial, or “berry”
aneurysms;> % 13 but has also been of utility
in other vascular lesions such as angiomas,!?*
arterio-venous malformations,?¢ and aneurysms
of the carotid vessels,>s 178

The fact that hypothermia also reduces intra-
cranial pressure % has led to its use without
circulatory occlusion to provide better opera-
tive exposure and to diminish trauma during
the excision of cerebral tumors,?1% 3% such as
meningiomas, % glioblastomas,®** and cranio-
pharyngiomas,¢ It must be cmphasxzed
however, that cerebrospinal fluid pressure is
not automatically reduced by hypothermia, if
shivering, hypoxia, or hypertension are allowed
to occur.*® This fact has led to the inten-
tional combination of the hypothermic and
hypotensive techniques 12? to enhance exposure
by further decreasing intracranial pressure 27
as well as to decrease bleeding.st-3%¢ It is
possible that the addition of hypothermia does
increase the safety of the hypotensive tech-
niques as has been claimed,** but it is prob-
able that induced hypotension increases the
risk in hypothermia. It is likely that a sudden
hypotension will embarrass the coronary cir-
culation and jeopardize the myocardium, in
view of the reduced coronary flow already
present during the hypothermic state.®®

Cerebrospinal fluid pressure may be in-

HYPOTHERMIA

855

creased following craniotomy under hypo-
thermia,®¢ and for this reason not only xso
active rewarming often avoided, but moderS
ate or light hypothermia actually continued3
into the postoperative period to prevent cere<
bral edema, hyperpyrexia, and postoperatives
coma.®t4

General Surgery. The deleterious effects ofS
temporary ischemia to the liver,s® 174333 kxd'u
ney,' and intestines > can be ameliorated b)""
hypothermia, and the technique has been of
value in partial hepatect of%
renal tumor,’** and the pcrformance of portal
caval shunt.®*

Hypothermia also has been applied to
variety of other surgical procedures to mini
mize the stress 183 of extensive dissections % 28
or to lower metabolism and combat hypcr%
pyrexia in toxic states® or “poor-risk” pag
tients.»® The beneficial effects possible ir5:
the latter group of patients, however, must b&
weighed against the fact that they \wths!nnig
blood loss poorly # and are prone to develofg:
hypovolemia, shock, and cardiac failure dunn@
the rewarming period.’3?

Tuenrarevtic Uses: Although total body hyo
pothermia was employed a decade ago an
marily as an adjunct to operative mlcrvenum,u
the predominant use of hypothermia today %>
not to [acilitate surgery but as a lhcmpcuhr;ﬁ
measure to prevent hypoxic damage, pnmcug
Tarly to the brain, and to control catabolic ac
tivity in a variety of pathological condmons&?
For these purposes, hypothermia is gcncmllﬁ
light in degree or may merely consist of thes
prevention of hyperthermia. However, hypod
thermia is also generally maintained for cona
siderable periods of time in such instancesg
quite in contrast to the duration of acute hypos
thermia employed for operative procedures. 18
is worth pointing out that the physiologi€
changes: during chronic hypothermia warrant
further clucidation, since they are not nccesg
sarily the same as those scen during short- temt
hypothermia.***

Hyperpyrexia. The use of cooling to comba%
fever is probably as old as the practice of5
medicine itself, but simple sponging or fanning
of the surface of the body are often inadequatg
for this purpose and may require supplcmuh
tation with the techniques—or modification
the techniques—of total body hypothermia.

papeQ|
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Surface cooling, produced by a refrigerating
mattress or blanket combined with the use of
chlorpromazine to combat shivering and pro-
duce vasodilation,?*® is the most popul

D. M. LITTLE, JR.
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sure, leads to a vicious cycle of further anoxia,
followed by further vascular injury and furthég
swclling. Hypothermia will protect the braig:

gainst such ic injury and also reduce uﬁ_

method, and the body temperature is reduced
to only 33-35 C.3>> Hypothermia of this type
has been employed with laudable results in
critically ill febrile patients with encephali-
tis,13% 31 poliomyelitis,®** pneumonia,?** and
other mfcctmns =17 a5 well as in thyrotoxico-
sis,% 211 eclampsin,2®® and heat stroke. In
these instances, of course, the therapy is di-
rected merely at the hyperpyrexia and not at
the underlying discase process, but there is
some experimental evidence to indicate that, in
certain forms of bacterial infection at least,
hypothermia may enhance the antibacterial
def of the org 136 possibly by a de-
crease in the rate of bacterial multiplication
at lower temperatures. 422 Following the dis-
continuance of hypothermia, clinical exacerba-
tion infection has been noted in some instances.

Cerebral Injury. Hypothermia is capable
of protecting the brain in head injuries by lim-
iting the response to trauma,®*® and a major
use of hypothermia has been for the treatment
of cerebral in)'ury 213,363 The technique has

\1) isted of surface g and mod-
erate doses of chlorpromazine to induce a hy-
pothermia of 34-30 C. This usage has been
expanded to include not only head in-
juries,24% 261 but also spontaneous cerebral hem-
orrhage,2%®* postoperative cerebral edema,33
and other forms of cerebral ischemia which
lead to hyperpyrexia with tonic fits superim-
posed on the decerebrate rigidity. Cooling is
ined for prol d periods of time in
these instances (in one patient intermittently
for more than five months 351}, and any recur-
rence of neurological signs during the warming
period is indication for recooling.

Cardiac Arrest. A most important extension
of this use of hypothermia in cerebral injury is
to prevent brain damage from ischemia follow-
ing cardiac arrest. It is quite conceivable that
this may become one of the major indications
for the method in relation to anesthesia. In-
jury to the central nervous system following
cardiac arrest is caused by anoxia. The prin-
cipal effects of the latter are direct injury to
nerve cells and the appearance of cerebral
swelling which, by inereasing intracranial pres-

mall

tracranial pressure by reducing brain volumé)

and if applied to patients exhibiting signs of
severe central nervous damage following su(:_
cessful cardiac massage, can aid in promotir
cither complete recovery or at Imst in min;
mizing the residual neurologic deficit.st¢
Asphyxia Neonatorum. Results with exper
mental asphyxia in newborn laboratory an
mals have demonstrated that a 10 degree G
reduction in body temperature will providg.
complete protection against an asphyxial e3
posure which is lethal for litter-mate cori
trols.27¢  Hypothermia (22 C.) can also mmrg
tain the apncic nonviable premature huma#
fetus alive for hours3"* Hypothermia prd}
duced in neonatal asphyxia pallida by merelg
placing the asphyxiated infant in running col@
(10 C.) tap water has effected spontaneoud
respirations in from fourteen to scvcnty-ning-'
minutes after birth, at body temperatures
ranging from 34-23 C., following failure
all other resuscitative attempts.s*> Al the irg
fants so resuscitated have had normal acoustigs
acuity when tested during the first few day®
of life, in distinct contrast to records obtained!
from other babics who had recovered frorﬁg
severe asphyxia with or without neurologi
symptoms. It would appear from this stud
that hypothermia may become a technique
outstanding utility in the resuscitation of th¥
badly nsphyxmtcd newbomn. ©
is. The y activity of th®
gastromtcshnal tract is markedly reduced bp
hypothermia.?*¢ Local gastric cooling by an in?
tragastric balloon to temperatures of 17-20 @
will depress gastric secretion substantiallg
without evidence of injury to the gastric m
cosa.* This technique has been employed:
clinically to control massive hematemesis
acid-peptic origin, and it is considered by IE
protagonists to be a measure of value IE’
readying patients with active gastric hemors,
rhage for operation by inhibiting peptic a
tivity, arresting hemorrhage, and pcrmith'n%
restoration of a fairly normal blood volume. S
Experimental Applications to Clinical Prolg
Tems. Laboratory investigations into the appl>
cation of hypothermia to a number of clinical
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problems are of sufficient possible future in-
terest to warrant mention. Some workers have
been attracted by the ability of hypothermia to
prevent the response to stress, and to lower
metabolic activity, in relation to the therapy
of shock state. They have concluded that low-
ering the body temperature after the onset
of an otherwise immeversible shock due to hem-
orrhage exerts a significant therapeutic ef-
fect.30t. 17 Most of these studies of hemor-
thagic shock have been performed with the
Fine modification of the Wiggers method
of controlled hemorrhagic hypotension,3° 319
however; and it has been pointed out that
this technique studies artificially controlled
hypotension but not hemorrhage per se.t'®
When a single acute hemorrhage is employed
to produce shock experimentally, hypothermia
exerts a decidedly deleterious effect.’®! Studies
of the effect of hypothermia on traumatic shock
have led to the similar conclusion that there
is no rationale for its usc in established shock
or in the prevention of shock.?*¢

There has also been considerable interest in
hypothermia as an adjuvant to therapy in
bumns, since the metabolic rate is definitely
lowered, and water, clectrolytes and plasma

lations are diminished in the bumed
areas; **F but there is no clear-cut cvidence
that cooling can either prevent development
of shock or effect prolongation of life following
extensive bumns,

The possibility of employing hypothermia in
the therapy of coronary discase has intrigued
some workers. The primary aim of treatment
in acute coronary occlusion with myocardial
infarction is to reduce heart (and body) work
and oxygen consumption, and since thesc are
both effects produced by hypothermia, it has
seemed reasonable to expect cooling to be of
benefit. In point of fact, however, several
studies of the use of hypothermia in experi-
mentally produced coronary occlusion have
demonstrated conclusively that hypothermia
is not only without benefit, but even increases
the mortality rate considerably in comparisor:
with control- animals subjected to an identi-
cal artificially-produced coronary occlusion.1
35,318 Ljgation of a major branch of the
coronary arterial system in a laboratory animal
is scarcely comparable to occlusive coronary
disease in the human. patient, but these studies
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have led one observer to comment that bodyo
cooling has no place in the treatment of acutes
coronary arterial occlusion and that, further,o
the use of hypothermia as an ancillary method &
in “poor-risk” patients is fraught with dangero
if coronary arterial insufficiency already exists,S
whether from organic changes in the coronary >
arterial tree or from diminished filhng due to
hemorrhage or shock.3™®

COMPLICATIONS

IBA|IS" ZBSE)/:

The production of the hypothermic stateg
bears with it all the hazards ordinarily assocx-m
ated with anesthesia, surgery, and the patho-o
physiologic conditions of the patient in whomi
hypothermia is being induced, but in addlhong
it may be complicated by specific hazards in-%
duced by hypothermia itself. It must bed
emphasized, however, that these several facS
tors contributing to the production of compli€
cations are not entirely separable: wmplicn-ﬁ\’
tions, for instance, that are due to a spccnﬁcl
surgical manipulation, or the particular diseasc,
condition suffered by the patient, might nol%
have been precipitated in the absence of hypo-D
thermia. Similarly, they also might not havq-,o
been precipitated by hypothermia itself in th@
absence of that specific surgical mampuhhonxl
or that particular discase condition suffered b)N
the patient. As an example, intentional cir5
culatory arrest for ten minutes induced in dogg
during hypothermia results in a scvere deq
rangement of hepatic function and structured
which is not scen in control dogs cooled to théo
same temperature without circulatory arrest. 0

Ventricular Fibrillation. The most dmmah'ca‘
and certainly the most serious complication o8
hypothermia has been ventricular fibrillation
and a tremendous amount of effort has be
expended in an attempt to elucidate the fncs
tor(s) which induce this arrhythmia. \V:t}mug
deprecating cither the seriousness of this comg
plication or the danger of its occurrence, ii
should be stressed that in light or modcmlg
hypothermia that is not employed for cardiad
surgery, the risk of fibrillation is far less tha®®
might be expected from the amount of pul§
licity that has been accorded this arthythmi
For although innumemble factors have bcc%
implicated in the production of ventricula®
fibrillation during hypothermia,®* without ques-
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tion the major causes have been: (1) a level
of body temperature below 28-28 C., (2) total
cireulatory occlusion for 10 or more minutes,
and (3) cardiotomy,®® particularly left ven-
triculotomy. These conditions set the back-
ground for the development of accelerating
discharges from ectopic centers in the ven-
tricle, and such cctopic foci occur most casily
in the diseased heart 33¥—which compounds
the problem in many patients undergoing
cardiac surgery during  hypothermia. Other
factors may be contributory to the develop-
ment of ventricular ectopic discharges: (1) dis-
turbed myocardial calcium/potassium balance,
(2) changes in blood pH, (3) increased dc-
tivity of cardiac sympathetics, and (4) in-
creased amounts of circulating catechol amines.

One of the factors involved in the pro-

nounced decrease in fibrillary threshold dur- -

ing hypothermia 1312 may well be an ionic
imbalance of cardiac muscle, but there is dis-
agreement as to the exact changes that occur
in the concentrations of myocardial clectro-
lytes. Potassium has been variously reported
as increased,**® unclh 1,252 or dec d 108
in cardiac muscle during hypothermia, but the
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ated with fibrillation. It has been hypothe-§
sized that a change in pH may be correlatedS
with a change in the potassium concentration,d
but the actual mechanisms involved are by nog
means clear. =

There is considerable evidence that increasedS
sympathetic activity and decreased vagal toneZ
are important factors in the occurrence of this2
serious arthythmia. Fibrillation in hypother-$
mic animals subjected to inflow occlusion and®
right ventriculotomy can be prevented by bi-2
lateral sympathetic denervation of the hcart,’“g
high spinal block, sympathetic ganglionicg.
blocking agent (Arfonad),®* vagal stimula-5
tion,33° or block of the sino-auricular node with3
a local anesthetic agent.33% 329 330 &

Catechol amines may be related in similaf}
fashion to ventricular fibrillation, since it isy
known that epinephrine is a potent fibrillatoryg:
agent in hypothermia as well as during normos
thermia 3 and there is an increase in the levels
of circulating epinephrine and norepinephring:
in the hypothermic dog.2¢ It may be thaf
there is an appreciable accumulation of cates;
chol amines in the inferior vena caval bloodS
during total circulatory occlusion as a conse

ue,

results depend upon the experimental pro-
cedure employed, the existence of acidosis or
alkalosis, and whether or not the heart even-
tually went into fibrillation. The jon appar-
ently docs leave the myocardial cell prior to
hypothermic fbrillation,® however; and the
onset of fibrillation therefore may be due to
an altered calcium/potassium balance, inas-
much as cardiac muscle gains calcium,* which
has been shown to precipitate ventricular fibril-
lation in the hypothermic state.??®

Studies of plasma concentrations of these
electrolytes are even more inconsistent, and
may show a decrease,3% 98,383,490 an in-
crease,’ or no change!® in potassium; and
cither no change1® or.a slight increase in
calcium.1?®: 3% The assumption has been that
a rise of the serum calcium/potassium ratio
would produce a similar change within the
myocardium, and thus contribute to the onset
of fibrillation.

Plasma pH appears to be definitely related
to ventricular fibrillation and the greatest dan-
ger appears to be from a sudden shift of pH,
since cither acidosis or alkalosis can be associ-

q of sino-nortic reflexes, and this coul
explain the high incidence of ventricular fbrilY)
lation which occurs soon after the release ofd
occlusion. It is worth noting that physio]ogig
cal situations producing acidosis may also lea
to release of catechol amines, which might b
a factor in the relationship of low blood pHS
to ventricular fibrillation. @
The relationship of myocardial hypoxia t&
ventricular fibrillation is well known, and %
undoubtedly important in cardiac surgery durs
ing hypothermia with circulatory occlusion, 8
indicated by the protective effect of coronar®
perfusion with oxygenated blood during th
period of occlusion.’3% 3% The role of hypoxi#:
in the production of ventricular fibrillation dug
ing hypothermia not associated with cardiag
surgery is probably not large, for although i
has been postulated that the displacement o
the oxygen dissociation curve to the left duk
ing hypothermia might induce hypoxia, cor§
nary arterio-venous differences remain um
changed at temperatures as low as 20 C.%
There scems little doubt that a reduction ﬁ
coronary flow occurs during hypothermia,*
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133,220,352 byt there is also abundant evidence
that the oxygen demand of the heart is greatly
reduced by the low myocardial temperature,
the reduced cardiac output, decreased arterial
pressure, and the bradycardia, and that these
factors reduce the demand for oxygen so much
that the curtailed coronary flow presumably
remains adequate for the requirements of the
myocardium.®t 22,39, 191,220,310 The situation
is quite different, as suggested above, in car-
diac surgery with inflow occlusion under hypo-
thermia: in such instances, the ventricles are
subjected to diffuse ischemia which may well
contribute to the onset of ventricular fibrilla-
tion which may develop after occlusion.

The prevention of ventricular fibrillation
during hypothermia has necessarily been a
consuming concern, and a large number of
pharmacologic agents known or suspected to
have antifibrillary activity have been explored
under conditions of hypothermia,**¢ including
acetylcholine,3 neostigmine (Prostigmine), =8
procainamide (Pronestyl),*®> 2-diethylamino-
ethylisonicotinamide (Ambonestyl) 207 23% ami-
noaceticacid (glycine),3t 32 diphenylhydantoin
(Dilantin),**> g-(2 biphenylyloxy)-ethyl-di-
ethylamine (Dacorene),® trimethaphen (Ar-
fonad),"¢ procaine,® quinidine,’” ouabain,’®
piperidolate (Dactil),?** and mephenteramine
(Wyamine).}** Some of these drugs look
promising in the laboratory,? 28 but it cannot
be said that many of them have gained wide
clinical usage.

Probably far more important than pharma-
cologic agents in the prevention of ventricular
fibrillation is avoidance of those factors known
to produce this arthythmia. Cardiotomy
through the left ventricle may be dangerous,

_since the development of ectopic foci in the
ventricles, coupled with prolongation and vari-
ation in the relative refractory period produced
by lowered temperature,!® is of fundamental
importance in the production of fibrillation.
Temperatures in the fibrillary range (below
28 C.) should be avoided, since the fibrillary
threshold of the heart at these temperatures
is such that fibrillation can occur spontane-
ously without stimulation by mechanical ma-
nipulation. Considerable effort has been ex-
pended to prevent a fall in blood pH, and most
workers employ hyperventilation for this pur-
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pose.*** Some, however, have added carbon g
dioxide to the inhaled mixture employed in2
hyperventilation, on the basis that a rcspirn-—
tory alkalosis will cause as great a shift mg_
blood pH, and be just as dangerous, as acido-&
sis.?? One group has deliberately producedd
acidosis,*® on the basis that defibrillation is3
accomplished most easily at a low blood pH.5 Z
Shivering should be prevented, as it can pro-3
duce both acidosis and a rise in the serumg
potassium level,2# which may disturb the myo-y
cardial ealcium-potassium ratio and t::)nmbulefl>
to the precipitation of fibrillation,
The treatment of hypothermic fibrillation2
has been a frustrating problem, and no ready3
solution exists to the irreversibility of thu'.3
arrhythmia in the hypothermic state.*e® The3
standard methods of defibrillation, which con-%
sist of cardiac and if y theg_
use of adrenaline, to improve the tone of the2
heart muscle, followed by electrical defibrilla
tion,® may be difficult to accomplish or only3
momentarily effective,> with subsequent re-S
turn of fibrillation. Fortunately, consndemblec
protection for the brain is afforded by thc\
existence of the hypothermic state,37 but suchB
protection is limited in duration. Considcr-§
able investigation of ancillary measures that®
will facilitate defibrillation has therefore beeny
undertaken, and laboratory results indicate t}mt@
some of these techniques may find clinicalS
utility. Prostigmine has antifibrillatory achv-o
ity in the hypothermic dog, and when ven-g
tricular fibrillation occurs in the unprotected®
animal, coronary perfusion of prostigmine \vxllw
allow conversion of the arrhythmia to normnlgQ
thythm by cardiac massage and electricc
shock.®* Potassium, employed to produce in-o
tentional cardioplegia, has been successful ins S
stopping ventricular fibrillation in both normo-3
thermic and hypothermic dogs, but the diasxg_
tolic arrest which follows the administration oE;
potassium chloride is extremely difficult te
overcome and ventricular fibrillation recurs m%
a sizable proportion of animals.¢t Hc:mg
which have been defibrillated by the admin=
istration of potassium chloride into the Jef©
ventricle can be resuscitated from mrdiac_g
standstill successfully, however, by the intnS
cardiac injection of sodium lactate followed by
equal amounts of Ringer’s lactate combineds

eyol
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with cardiac massage,®*? or by the administra-
tion of hypertonic glucose 3% 27 or fructose.??
The bencficial effect of these hypertonic solu-
tions appears to be related to maint of
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bleeding tendencies.'3 It is possible thn?
some jnstances of reactionary hemorrhaga‘
which have been attributed to a defect 1%
lation actually may have been due tg:

normal concentration of the circulating potas-
sium jon in the extracellular fluid and plasma,
and deposition of potassium and glycogen in
the myocardium.®®” Alternative methods of
resuscitation of the potassium-arrested heart
have been the perfusion of cold blood 1t or
tetracthylammonium chloride ®2 into the coro-
nary arteries to prevent the usual high inci-
dence of recurrence of ventricular fibrillation.

Rewarming Shock. A major hazard asso-
ciated with the immediate posthypothermic
period consists of the development of hypo-
tension % 1** and acute circulatory collapse
that is characterized by tachycardia, dimin-
ished cardiac output, and inadequate respira-
tions.>*+ 14> The syndrome, which is particu-
larly prone to occur during rapid rewarming,*+*
appears to be due to acidosis; and the fact
that both the pH and the carbon dioxide com-
bining power of the blood are decreased indi-
cates that there is a predominantly metabolic
clement in the acidosis.**® For this reason,
rewarming shock often results from shiver-
ing 1% or following total circulatory occlusion,®®
which of itself produces serious venous con-
gestion leading to gross acidosis and lactacide-
mia.®*  The prevention of this syndrome
therefore is based upon the maintenance of a
normal blood pH by the prevention of both
shivering and vasoconstriction, continuation of
adequate ventilation without the production
of respiratory alkalosis, and slow rewarming.14¢

Bleeding Tendency. The cffects of hypo-
thermia upon the coagulation of blood are of
real clinical importance, since disturbance of
the clotting mechanism has been one of the
major causes of death in surgical interventions
performed under hypothermia,®*3 but the pre-
cise nature of this bleeding tendency is poorly
understood. It may be related to the devel-
opment of a fibrinolytic tendency during total
circulatory occlusion,$® since it is not preva-
Ient in simple hypothermia alone’® On the
other hand, it may be related to the develop-
ment of thromboceytopenia,'*¢ and the admin-
istration of small doses of heparin prior to
cooling has been advocated as a method to
minimize thrombocytopenia and  eliminate

a failure to ligate all bleeding points when the
surgical wound has been closed before res
warming and during hypothermic hypotensior

Tissue Injury. The techniques of surfacy
cooling can produce injury to the skin, thy
subcutaneous tissues, or the peripheral nerves
and while such lesions are scldom if cveﬁ
lethal, they do represent very real complu:é’r
tions of this form of cooling. Cold skin &
particularly liable to injury by heat, and skif
burns have resulted from the warm water ma
tress, hot water bottles, heat cradles, and fol%
lowing diathermy.?6. 189, 308 Usually such bumsr—
are of second degree and small in size. &,

A diffuse firmness and solidification of lho‘
subcutancous tissues of the thighs and the
panniculus of the abdomen, associated with:
larger hard indurated lumps, has been deé3
scribed in infants following hypothermia.®+ "¢
The pathogenesis of this lesion appears to bes
based upon the fact that the fat of ynung;,
children contains a relatively low percentag®d
of certain fatty acids, and as a consequenc%
has a relatively high melting point in comp:u'-\,
ison with the fat of the adult; thus, sohdufimso
tion can oceur in infant fat at temperatures fab
above those necessary to produce so]ldlﬁcnumg
in adult fat.* Subcutaneous fat necrosis hag
progressed to actual tissue slough in some oFJ
these patients.

The most disturbing of these local m)unm
resulting from surface cooling his been postS
operative peripheral nerve dysfunction in thi
extremities.  These neuropathies have ing
volved both sensory and motor elements; ands
while in some instances the syndrome apg
peared to fit a definite pattern, such as pers
oneal or lower brachial plexus palsy, in olhem
it has been bizarre. The exact cause of thsg}
lesions has not been determined, but it l\nb
been postulated that the hypothermic nchL
may be prone to pressure injury.??3

Cerebral Ischemia. Actual brain dnmagéi
from the effects of cold per se does not occh
at the temperatures of moderate Inypnthcnm.ﬁ;
which are employed clinically,>** but there #
real danger to the brain because of the hazard
of cerebral ischemia following intentional cir-
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culatory occlusion.3% It js ironical that this
disastrous complication should occur when
hypothermia is employed specifically to pre-
vent such pathology, and would seem to indi-
cate either that the permissible occlusion times
have been overestimated 3% or that these limits
have been exceeded in certain instances.
Organ Damage.  There is a widespread im-
pression that hypothermia can effect metabolic
depression without effecting alteration of mor-
phologic structure. The statement has been
made that in hypothermia above 20 C.- no
specific cellular pathology occurs within pe-
riods of several hours, and that, further, the
temperature range free of organic disturbances
may extend much lower.3** The experimental
evidence in regard to organ damage, however,
while not entirely clear, nevertheless does not
support this thesis. Few would disagree with
the contention that hypothermia to low tem-
perature levels can be tolerated by individual
organs 4% or even, as will be seen, by the
entire organism, with restoration of function on
rewarming. The question of morphological
change, and particularly cellular damage, how-
ever, is something else. Certainly the com-
bination of hypothermia total circulatory oc-
cdusion, and cardiac surgery, can produce
pathologic cardiac alterations consisting of
localized fibrinous pericarditis and necrobiotic
myocardial changes.3*¢ These findings might
be anticipated in view of the trauma to the
heart involved in such maneuvers. Much more
surprising is the fact that multiple foci of
necrotic muscle fibers can be produced by
moderate hypothermia alone, and that these
distinct arcas of necrosis show the various
stages of organization known to occur in the
develog t and healing of experimental myo-
cardial infarctions.®** It has been suggested
that these focal disturbances in the myocardial
blood supply may contribute to the conduction
disturbances encountered during hypothermia,
and may even bear a relationship to the
ectopic foci known to develop in the cold
heart. ) '
More drastic changes have been demon-
strated at the cellular level by histochemical
techniques {following cooling to bady tem-
perature levels that are not far beyond the
point generally regarded as ideal for surgery)
including accumulation of fat in the liver, kid-
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ney, and adrenal glands; depletion of glycogeng
in the liver; and vacuolization of the granularZ
cells of the zona reticularis of the adrenal cor-g
tex.38  Other investigations undertaken tog
confirm these findings, however, have failedS
to reveal alterations in the fat content of lheg
adrenals, kidneys, and liver, or significant>
changes in the succinic dehydrogenase, cyto-S
chrome oxidase and alkaline phosphatase nc-§
tivity, in the heart, liver, or kidneys, even inQ,
hypothermia maintained at lower temp ¢
(18-20 C.) and for longer periods of time3
(two to twenty-three hours).22® It has beenS
concluded that hypothermia is not” attendedS
by specific pathologic alterations which might3
be interpreted as resulting from anoxia, and?\,
that such changes as have been noted are ing
no way correlated with survival.’s?

It seems obvious that the conflicting evid,
dence on this important question of orgnn%
damage necessitates further work on the sub
ject, for if investigation is carried one step furS.
ther to include more sophisticated biochemicaly
analyses, shifts in the temperature kinetics o
enzyme systems can be demonstrated duringS
hypothermia,**¢ and it becomes essential tas
know whether such shifts are totally reversible®
on rewarming or represent true damage as
result of cold.
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In the short span of the decade that hasg
seen major clinical utilization of the technique®
of total body hypothermia, -vast changes havé?
occurred in the applications of this modalityS
The use of hypothermia for cardiac surgery?
has been, first, championed; then, nb:mdoneq§
in favor of extracorporeal circulation in certair]
instances; and finally, now, is being combined
with the latter technique to provide a method
with greater promise than either techniqu
alone. The use of hypothermia for neurosurs
gery, particularly in ligation of intracrania
aneurysms and excision of vascular tumors, a
first displaced the techniques of “controlled
hypotension,” and now is itself being displ
in some clinics by the use of urea and hypc%
ventilation. The therapeutic uses of chroni®
hypothermia to control catabolic activity i
pathologic states and to combat the dclctcrim%
effccts of hyperthermia, barely mentioned a&
an application ten years ago, have become far
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more important and iidespread in clinical
usage than acute hypothermia for surgery.
Hypothermia, in short, has been a field of ex-
tremely rapid change, and there is no reason
to believe that there will not be even more
far-reaching changes in the future—on the con-
trary, there seems every good reason to believe
that further changes arc mot only inevitable,
but are in fact already taking place with the
advent of techniques for profound hypothermia,

It has long been known that hibernating
mammals (ground squirrel, hedgchog, hamster,
bat) can survive artificial cooling which lowers
the deep body temperature to nearly 0 C. and
that they recover spontancously in a warm en-
vironment; but it has also been thought that
death is inevitable in homeotherms cooled to
10-19 C., inasmuch as there will be cessation
of both respiratory and cardiac activity (in con-
trast to hibernators, who continue a slow heart
beat and breathing even at these low tempera-
tures). The demonstration that, by using spe-
cial methods of cooling and rewarming, rats
may be full revived after their rectal tempera-
tures have been lowered as far as 1 C. has
opened up an entirely new area in hypother-
mia. The animals were cooled in two stages,
first to 20 C. in small containers so that they
were exposed to a progressive fall in oxygen
tension and a rise in carbon dioxide tension,
and then by covering them with crushed ice,
to colonic temperatures of 1 C. Respirations
ceased at about 9 C. and heart beat at about
6 C. Revival could not be accomplished by
merely rewarming the body and carrying out
artificial respiration; but if the circulation was
first re-cstablished by applying heat locally to
the cardiac area, combined with artificial res-
piration, anoxia during rewarming was avoided
and recovery was possible.??

These investigations have rearoused interest
in the possibilities of profound hypothermia,
and cats have been successfully cooled to body
temperatures below 15 C. using this method of
hypercapnia and hypoxia.®® The rate of body
cooling, and the oxygen and carbon dioxide
concentrations, are critical parameters in this
technique, however, which are extremely diffi-
cult to control in an animal as large as the cat,
and _other methods for the production of pro-
found hyperthermia are under current in-
vestigation, - Surface cooling to body tempera-
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tures between 10 C. and 0 C., with successful§
resuscitation, has been achieved by refrigerat-3
ing blanket and artificial ventilation with 5 perQ
cent carbon dioxide—93 per cent oxygen in the§
sat,»* the dog* the monkey ™ and evens,
in man.2°¢

But perhaps the most promising approach toz
profound hypothermia with cessation of hearf®
beat is to be found in the combination of hypos
thermia and extracorporeal circulation with a%
pump oxygenator.’®® The inclusion of a heat2:
exchanger in the extracorporeal circuit wille
permit rather precise control of cooling an
rewarming, which is essential to the produc
tion of asystole and subsequent restoration og
normal rhythm without the development o
fbrillation.s®® The production of profoun
hypothermia by extracorporeal circulation ha&
other notable advantages, chief amongst whiclf:
is the fact that the tremendous reduction ¢§
the organism’s total oxygen requirement§-
avoids the need for a heart-lung machine cap:
able of delivering high outputs of oxygennhx%
Dblood and permits the use of a simple pumps,
oxygenator that requires much less donor bloodS
to prime, needs a far lower dose of heparin te®
prevent clotting within the circuit, and minx
imizes the damage to the formed clements i
the blood itsclf.17t  Oxygenation exceeds bﬁ‘
far the oxygen requirement during extrem@
hypothermia, and a degree of oxygenation cai
be achieved in which the arterio-venous oxygets
difference is less than one-half volume p%
cent2®®  Cardiac arrest of one hour’s duratios
during hypothermia at 0 C. has been achiev
in dogs witlf this technique followed by sug
vival,1%8 and open cardiotomy of the left heaf8
has been performed at temperatures belo®
10 C. in the dog without the occurrence &
anoxia or ventricular fbrillation.1®  The tecl®
nique has been successfully employed for oR
cration on a tetralogy of Fallot at an esophaged
temperature of 9.3 C. to produce cardife
standstill without the use of a cardiopleg?
agent, and the patient made an uncomplicated
recovery.*3® >

A further modification omits the artifici
oxygenator by utilizing the patient’s own Tun¥
for their normal function of oxygenation, b
requires two blood pumps (one to by-pas
each ventricle) and therefore two extracor
poreal circuits.}2% 3% This method has been

wio.
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used in three children operated upon during
hypothermia to 15 C. with periods of cardiac
arrest up to a forty-five minutes during the re-
pair of venticular defects. Ventricular fibrilla-
tion did not occur, hcmol)sls was ncgllgxblc,
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which there is Tittle or no infonuation at theg
present time have been mised by lowering body 2
temperature to these profound levels. Wh1t,O
for instance, is the extent of the increase l“g_
blood viscosity, and what is the effect of this&
in blood viscosity on capillary flow?3

there were no significant biochemical
and the two survivors showed no evidence of
neurol I or other d. 123

Cooling to low levels of body temperature
by these extracorporeal techniques produces
temperature gradients that are in many re-
spects the reverse of those seen in surface cool-
ing, since the core of the body cools first and
the shell, or surface, later. The temperature
of the blood falls immediately, of course, fol-
lowed by the temperature of the heart and
esophagus. The temperatures of the liver and
kidneys fall more slowly, and the brain and
colonic temperatures lag still farther behind.
Slowest of all to cool are the limb muscles.3:3

Cardiac action ceases at 13—-18 C. (hepatic
temperature, sclected as the most satisfactory
index of cooling), and reappears on rewarming
at 14-18 C. Ventricular fibrillation, when it
does occur, is easily treated by “cold conver-
sion” (i.c., recooling to asystole). Electrical
waves are recordable in the heart cven at tem-
peratures as low as 5 C., but electrocncephalo-
graphic waves disappear at 12-15 C. A con-
siderable metabolic acidosis develops during
profound hypothermia; plasma potassium falls
slightly; and plasma sodium remains unchanged.
There is complete suppression of urinary out-
put during cooling, circulatory arrest, and the
early rewarming period, with return of urine
formation during the later stages of rewarm-
ing2°

These attainments of profound hypothermia
are exciting developments, not merely for car-
diac surgery, but as well for the innumerable
ather vistas opened up in relation to such prob-
lems as organ transplantation, reconstructive
surgery, and the attenuation of fulminating dis-
ease processes. ‘Thorough realization of these
potentials, however, will require that “haste”
be made slowly. Already the use of profound
hypothermia with "extracorporeal circulation
has brought such a rapid and vigorous advancc

What is the effect on enzyme activity, and isZ
the effect completely reversible on rcwarming?.g
Several years ago, in reviewing the progress3
in hypothermia, Brooks and Hoffman made them
following comments as to the urgent need forw
additional physiological investigations: “It3
should be stated, without implied criticism o@
those who have made contribution to-this ficld,2.
that fuller studies are needed. Additional mul-3
tiple recordings and analyses are required be-3
fore conclusions can be drawn about mnnyJ
matters. . . . Despite the vast amount of \vorkg_
already done, little is as yet known concerningQ
the action of hypothermia. It is nbundantlya
evident, however, that unless future experi€
ments are well conceived, carefully done, and:,
more extensive, they will add little to our pres-‘l
ent knowledge. . . . It is felt that the mdmd«:
ual cell and specific reactions must be studnedN
more thoroughly; that the action of hypotherS
mia on membrane function and on the con§
tractile process should be determined; and that;:;
a more extensive study than has yet been atN
tempted of the functional changes in the mtzlcl°°
heart during hypothermia must be undertakenS
by groups qualified and equipped to studyg
many aspects of physiology:” 7 #
These comments have lost none of theu'@‘
validity with the advent of profound hypo-‘o
thermia.
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at any other period of life; principally becausez.
of the lack of method of measuring the bl

pressure, which is sufficiently convenient, ncn.
curate and generally accepted. A sphygmoN
manometer is described which overcomes thes@
difficulties. This apparatus combined the gen%
erally accepted Riva-Rocci method with zﬁ
pulse indicator. Blood pressure is then dctcm
mined not by auscultation but by return of tllcE
radial pulse with deflation of the cuff. Demong
strative blood pressures are presented. (Aslun
worth, A. M., Neligan, G. A., and Rogers, I§
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