Reprinted from
PROGRESS IN CARDIOVASCULAR
DISEASES
Vol. 4, No. 3, November, 1961
Printed in U.S.A.

The Current Status of Hypothermia in
Cardiovascular Surgery

By HeENrY SwaN AND Bruce C. PaTon

N 1941 Talbott! introduced the term “hypothermia™ to signify the deliberate

reduction in total body temperature of man for therapeutic purposes.
However, the term is perhaps most often used to describe the state of a
homeothermic animal when its temperature is below normal for that in-
dividual

Hypothermia must be clearly distinguished from exposure to cold, although
the relationship is complex, and exposure to cold is, in fact, a means of ob-
taining a lowered body temperature. When exposed to a cold environment,
the unanesthetized homeothermic animal responds with a number of activities
designed to conserve body heat and increase its production, for example:
constriction of peripheral vessels and shivering. Eventually, however, the
animal becomes exhausted and as heat loss exceeds heat production the body
temperature falls. On the other hand, the animal which is adequately anes-
thetized does not respond with such vigorous efforts to maintain its tempera-
ture, the metabolic and circulatory loads are minimized, and its body tempera-
ture falls much earlier. Both animals become hypothermic, but the physiologic
changes to be observed in such different circumstances vary widely. In clini-
cal hypothermia, the latter type of experience is sought.

No terminology has yet been agreed upon to describe the various degrees
of hypothermia, but the following scheme is suggested and will be used in
this discussion.

Moderate hypothermia .................... 37-28 C.

Intermediate hypothermia .................. 28-20 C.

IDeep ity o th e i e e et 20-0 C.

Supereooling o below 0 C. without
ice formation.

Freezing ........coeuieeiimnennneeennnenns below 0 C. with ice
formation.

Moderate hypothermia permits a reduction of metabolism by about 50
per cent without the danger of ventricular fibrillation. If cooling is deepened
into the “intermediate” range there is a further reduction in metabolism to
about 25 per cent of normal but ventricular fibrillation is almost certain to
develop unless inhibited by some specific means. When deep hypothermia
is obtained in homeothermic animals spontaneous rewarming becomes im-
possible and cardiac activity ceases.

Temperatures below 0 C., with and without freezing, have been attained
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experimentally?® but there is not a recorded instance of a human having
recovered after being cooled to this degree.

HisTORICAL ASPECTS

Exposure to cold in the form of cold water or ice has long been used in
medical therapy. Hippocrates® observed its analgesic properties and recom-
mended the application of cold water or ice for various injuries, apparently
with the opinion that the cold would minimize hemorrhage. In Renaissance
times fevers were treated with cold drenching and some of the 17th Century
technics for cold hydrotherapy of the pyretic patient have a resemblance to
certain methods used in present day clinical practice for the induction of
hypothermia (fig. 1).

In 1797 Richard Sutton, Esq. of Liverpool was probably the first patient
to undergo therapeutic general hypothermia. His physician, Dr. James Currie,”
reduced his temperature to 83 F. by keeping him in a salt water bath for a
period of 45 minutes. John Hunter® attempted to freeze and then thaw a carp
by surrounding it with melted snow. He saw the slowing down of its activity
and was able to freeze the fish and then thaw it out, but although its flexibility
was restored, its life was not. In 1862 Walther,? while cooling rabbits to 20 C,,
made the important observation that artificial rewarming was necessary if
recovery from this temperature was to be achieved.

The first major study of the possible clinical value of general hypothermia
was undertaken by Smith and Fay'® in patients with advanced cancer. They
kept more than 100 patients moderately hypothermic for up to eight days,
and were able to demonstrate conclusively the tolerance of man to prolonged
temperature reduction to between 80 and 90 F.

In 1950, Bigelow, et al.!! revitalized this entire field of investigation by
demonstrating that dogs could tolerate temperatures of 20 to 25 C. with
cessation of the circulation for 15 minutes. This report was a direct stimulus
to the advancement of open-heart surgery, and in 1953 Lewis and Taufic'?
reported the suture closure of an interatrial septal defect using hypothermia
and the circulatory occlusion. A few months later the first series of patients
undergoing open-heart surgery for various congenital defects was reported
by Swan et al.!* Since then the use of hypothermia alone and more recently
the use of hypothermia combined with extracorporeal circulation has resulted
in the development of techniques to repair the majority of congenital and
acquired cardiac lesions.

Paysiorocy
A. Tolerance to Cold

The tolerance of different cells, tissues, and organisms varies widely. Poikilo-
thermic animals can withstand extreme temperatures and some arctic fishes
maintain normal activity at temperatures around 0 C. Amongst homcothermic
animals there are great differences between hibernators and non-hibernators.
Golden hamsters have been frozen at —3 C.° and similar experiments have
been performed with non-hibernating rats'* with cardiac standstill for 40
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Fig. 1.—The early days of surface cooling.

minutes with consistent survival, and with standstill for several hours with
occasional survival. Cats seldom survive temperatures below 16 C., but Simp-
son'® showed that monkeys could be successfully revived from 14 C. How-
ever, the safe resuscitation of non-hibernators from very low temperatures
depends upon anesthesia at the outset, artificial respiration as the temperature
decreases, and a system of rewarming when recovery is desired.

Remarkably little is known about the tolerance of man to extreme degrees
of cold. Observations made almost a century ago'® in ar insane asylum where
some of the patients ran naked in the cold showed that man can sustain ap-
parently normal activity with a body temperature of 23.7-29.5 C. During
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World War II, brutal and inconclusive experiments were carried out by the
Germans at Dachau.'” Unanesthetized prisoners were cooled in ice-water
and it was found that the temperature at which half of them died was 27 C.
and the lowest temperature recorded was 26.7 C. Death was thought to be
due to ventricular fibrillation. Laufman'® published a fully documented and
detailed account of survival following cooling to 18 C. (rectal) in a negro
woman. She subsequently lost both legs and nine of her fingers but her cere-
bral function was unimpaired apart from a period of amnesia.

B. Metabolic Effects

1. Oxygen consumption—The metabolic effect of hypothermia which su-
percedes all others both in magnitude and importance is a reduction in oxygen
consumption. Numerous studies!?2:11:21,22.23 have all shown that as the tem-
perature falls the oxygen consumption decreases in a linear fashion. However,
if shivering occurs during the early stages the consumption of oxygen is tem-
porarily increased. This can be avoided by adequate anesthesia or by the use
of muscle relaxants.

Gordon et al.*? reported the oxygen consumption to be reduced io about
50 per cent of the precooling level at 30 C., to about 25 per cent at 22 C., 12
per cent at 16 C., 6 per cent at 10 C., and 3 per cent at 6 C. with pervascular
cooling. The flow rates were approximately 40-90 cc./Kg./min. with a mean
of 60 cc./Kg./min. That flow rate under such circumstances is one of the
determinants of oxygen extraction at low temperatures was clearly demon-
strated by Kameya et al.?* With high (199 cc./Kg./min.) flow rates, O, con-
sumption at 20 C. was 2.1 cc./Kg./min., while at low flow rates (40 cc./Kg./
min. ), it was only 1.1 cc. Similarly at 10 C. these figures were 1.2 and .7
cc./Kg./min. respectively. In these data, with high flow rates oxygen con-
sumption was reduced at 20 C. to 33 per cent and at 10 C. to 17 per cent of
normal, values definitely higher than those of Gordon.?? It is clear in either
case, that at 10 C. there remains significant oxygen consumption.

Changes in the oxygen dissociation curve are of critical importance in dis-
cussing the level of tissue oxygenation. Brown and Hill** in 1923 showed that
cooling moved the curve upward and to the left. Rosenhain and Penrod®® and
Edwards et al.?® believed that in spite of this oxygen transfer to hypothermic
tissues since A-V oxygen differences remained constant. However, a constant
A-V oxygen difference does not prove that tissue oxygenation was adequate
because the venous level might not have been determined by the extraction
of oxygen by the tissues but rather by the adherance of oxygen to hemo-
globin. ;

On the other hand, the ability of oxygen to be dissolved in the plasma in-
creases with diminishing temperatures and at 20 C. there is a 50 per cent
increase in dissolved oxygen, and between 25 C. and 0 C. the amount of
oxygen dissolved in the plasma increases from 2.8 to 4.9 volumes per cent.?”
At very low temperatures the amount of oxygen dissolved in the plasma may
be sufficient for the minimal metabolic demands of the tissues without in-
voking the usual mechanisms of oxygen release from hemoglobin.

This may further explain why changes in flow rate, even at low tempera-
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tures, influence the total oxygen consumption. With high flow rates greater
amounts of dissolved oxygen are presented to the tissues and with low flow
rates only minimal amounts of dissolved oxygen are available. It seems evi-
dent, therefore, that even at low temperatures (10 C.) high flow rates (60
cc./Kg./ or more) must be maintained if adequate tissue oxygenation is to
be achieved.

2. Acid base balance—The estimation of the degree and type of acidosis
found at low temperatures is not simple. The simple measurement of plasma
CO; or pH does not give a genuine picture of the acid base balance during
changes of temperature. Unless the pH and pCO, are measured at the actual
temperature of the blood, the factors defined by Rosenthal*® should be used
to correct the results. The use of these correction factors may under some
circumstances show that an apparent tendency to acidosis is, in fact, an
alkalosis. The importance of these correction factors has only recently been
receiving wide acceptance* but results interpreted without their use may
be almost meaningless.

Because both metabolic and respiratory factors play a significant part in
influencing the acid-base balance an exact knowledge of the state of respira-
tion during hypothermia is important in the interpretation of pH changes.
If cooling is permitted without assisted respiration a respiratory acidosis
develops as the efficiency of ventilation diminishes. At the same time more
CO; is dissolved in the plasma at lower temperatures affecting the plasma
pH, although this change is offset by a decreased peripheral production of
CO; and an increased carrying capacity of the blood for CO, (as bicarbonate).

In patients and experimental animals it has been found that a metabolic
acidosis may develop®® especially in the rewarming period®' and an “acute
acidotic syndrome” at this time has been described.?*

In the clinical application of deep hypothermia, acidosis has not presented
a significant problem.?* However, experimental work®* has shown that a sig-
nificant acidosis can occur even at low temperatures. This acidosis is probably
more marked with core-induced hypothermia than with general hypothermia.
This may be due of the temperature gradients which occur between various
tissues and organs and the blood with this type of hypothermia (fig. 2). As
a result of these gradients considerable masses of tissue, such as muscle, may
be perfused by blood with a temperature 10 to 15 C. lower than that of the
tissue itself. Thus an organ at 25 to 30 C. may be perfused by blood at 10 to
15 C. and be in the disadvantageous situation of needing 40-50 per cent of
its normal oxygen requirement yet be unable to extract that oxygen from the
blood. It is not surprising that under these circumstances organs 1esort to
anaerobic metabolism and a metabolic acidosis results.

3. Fluid shifts—A consistent increase in hematocrit during hypothermia
has been noted by numerous observers'*:33-3% and this change has been ac-
cepted as an indication of diminution in plasma volume during the coocling
phase. The decrease in plasma volume is usually around 10 per cent or less,
and changes in the plasma specific gravity and plasma proteins commensurate
with the alterations in hematocrit and plasma volume have also been ob-
served. As with many of the other physiologic changes induced by hypo-
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Fig. 2.—Temperature gradients between arterial blood and muscle. It can be seen
that muscle at 25 C. is being perfused by blood at 10 C.

thermia those in the plasma volume revert to normal when the patient is
rewarmed.

The clinical use of hypothermia does not therefore by itself require any
changes in the usual management of fluid balance, except that the infusion
cf glucose is probably desirable for other reasons.

4. Electrolyte changes—Considerable discussion occurs in the literature
concerning the changes in the levels of individual electrolytes during hypo-
thermia. The reasons for the discrepancies reported are not always clear but
may well be related to the varying cooling technics and types of anesthesia
used in the different studies.

Sodium levels in the plasma do not change or show a slight decrease.
Wynn?*® showed that in the presence of intravenous infusions of 5 per cent
glucose a significant dilution of the extracellular fluid might cause hypona-
tremia, because the delay in metabolism of the glucose results in an osmotic
dilution of the plasma.

The greatest variations in findings have concerned potassium. Several in-
vestigators have noted an elevation of serum potassium,'**:41 while others
noted a fall in the serum potassium level.13:31:#> There seems little doubt that
these differences of opinion do not reflect incompatible observations but rather
observations made under different circumstances. Swan et al.’* showed that
serum potassium levels varied with the pH and bicarbonate and a reciprocal
relationship exists between the serum pH and the potassium level.

The amount of serum calcium increases*!*** both in the ionized and bound
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fractions. The calcium-potassium ratio is elevated, which may be responsible
for the prolongation of systole described by Hegnauer and D’Amato.*’ Changes
in this ratio affect myocardial stability and efficiency and the cardiac results
of changes in pH may be mediated through alterations in serum potassium
and the calcium-potassium ratio.

Swan et al.’® noted a slight elevation in serum chloride as did Fisher et al.3®
Increased amounts of magnesium have been reported but do not appear to
be clinically significant.

The electrolyte changes revert spontaneously to normal when the patient
is rewarmed and when efficient respiration has been restored. Therefore they
do not require any therapy per se but their temporary local effects, especially
upon myocardial irritability, may be of considerable importance.

C. Circulatory System

The changes in circulation are, in the main, proportional to the overall
changes in metabolism. The cardiac output is reduced and there is a fail in
the pulse rate and arterial pressure. Hamilton et al.* were among the first
to record the slowing of the pulse rate in cats during induced hypothermia.
At 17 C. the cardiac output in dogs is reduced to 26 ml./Kg./min. from 145.5
ml./Kg./min. at 37 C.2! At the same time the blood pressure falls from 126
mm./Hg to 54 mm./Hg and the pulse rate is reduced from 170 to 26 per
minute. However, if shivering is permitted while cooling is being induced,
there is a rise in cardiac output and arterial pressure. Hypertension may also
be noted during hypothermia immediately following the release of circulatory
occlusion.*?

Venous pressure may rise during the period of cooling, and always does so
during a period of circulatory occlusion. The increase in pressure during the
cooling period may be due to positive pressure respiration; the elevation dur-
ing the period of circulatory occlusion may be due to increased venous tone
limiting an increase in capacity of the venous reservoir.

The total peripheral resistance increases and this is probably due to a
simultaneous increase in viscosity of the blood together with an increase in
vascular tone. Direct observation of the capillaries*® has suggested that in-
creased viscosity with aggregation of red cells may be the more important
factor. Gelin** considered that the use of low molecular weight dextran as a
diluting infusion might favorably decrease the viscosity and showed experi-
mentally that this diminished the amount of red cell aggregation. Clinical
confirmation of this concept has been obtained by Long*® and his associates
who observed the conjunctival capillaries during operation and saw a favor-
able decrease in sludging after the use of low molecular weight dextran.

_In spite of these factors, during short periods of hypothermia, circulation
appears to be adequate to all parts of the body.

The effects of hypothermia on the heart are of vital importance. Cardiac
work is reduced. In vitro experiments show that the oxygen consumption of
isolated muscle slices is reduced in a linear fashion,*® and in vivo observations
have shown that the heart remains capable of extracting adequate amounts
of oxygen for its needs even at low temperatures.?® Coronary flow is reduced®
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but this reduction is not proportionately as great as that in the systemic
circulation.

Myocardial function as judged by pressure contour tracings® remains
adequate although there is a marked prolongation of systolic contraction and
isometric relaxation.?>51 Attempts to increase the heart rate artificially under
these circumstances of reduced diastole result in cardiac failure.

With progressive cooling, the electrocardiographic changes consist sequen-
tially of bradycardia, prolongation of the P-R interval and QRS complexes,
changes in the ST segments and T waves, premature contractions, ventricular
fibrillation, and finally cardiac standstill.>* Osborn®® in 1953 described some
characteristic changes in the ST segments, as a “current of injury” to which
he attached serious prognostic significance as a premonitory sign of ventricu-
lar fibrillation. However, Emslie-Smith?* later showed that these changes are
constantly found in all cases of hypothermia and are not necessarily of serious
significance.

One of the main hazards in the use of hypothermia is ventricular fibrillation.
Not only is its incidence greater under hypothermia than normothermia but
it is more resistant to conversion to normal rhythm.5?

The precipitating factors and possible underlying causes are numerous.

Cold.—It is natural to consider the reduction in temperature per se as a
possible cause, but in the analysis of this factor a distinction must be drawn
between myocardial excitability and irritability. Hegnauer and Angelakos®
showed that a reduction in temperature decreases cardiac excitability but also
lowers the fibrillation threshold and increases cardiac irritability. This finding
certainly makes more comprehensible the observations of numerous other
investigators that a great variety of stimuli can induce fibrillation during
hypothermia.

Both experimental and clinical experience has shown that ventricular fibril-
lation is less likely to occur when the temperature is kept above 28 C.

Hypoxia—During periods of venous inflow occlusion with simultaneous
clamping of the aorta myocardial hypoxia develops and if the occlusion is
prolonged beyond 6 minutes the incidence of fibrillation increases.?™*$

Electrolyte Changes—Lccal changes in myocardial electrolyte levels may
be significant, particularly alterations in potassium and calcium. Montgomery
et al.? felt that there was a shift of potassium into the myocardial cell during
the prefibrillatory stage in animals that were acidotic. This was considered to
be an important precipitating factor in the onset of fibrillation. This concep-
tion has since been denied by Covino et al.® who found that potassium left
the cell. The precise level of intracellular potassium may not be as important
as the calcium-potassium ratio*! and since several observers have noted eleva-
tions in calcium during hynothermia, alterations in this ratio are likely.

pH —The acidosis which occurs during hypothermia is probably important
as an initiating or precipitating factor’¢:%! and its avoidance by hyperventila-
tion reduces the incidence of fibrillation.®® However, Niazi and Lewis®2 be-
lieve that the intentional use of high concentrations of CO, in the respiratory
gas mixtures prevents the development of fibrillation. This apparent paradox
is probably because neither high nor low pH’s by themselves affect the in-
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cidence of fibrillation, but the maintenance of a steady pH without sudden
changes during cooling or rewarming is the most important feature to be
attained. However, increasing pCO, moves the oxyhemoglobin dissociation
curve to the right and downwards thereby increasing the efficiency of oxygen
extraction from the blood which may be important in preventing myocardial
hypoxia and subsequent fibrillation.

Venous Pressure—Bigelow!' was unable to prevent or treat ventricular
fibrillation by any electrical or mechanical means except by reducing the
inflow pressure which builds up during the period of circulatory occlusion.

Autonomic Nervous System.—Montgomery et al.*® demonstrated that ven-
tricular fibrillation could be prevented by the intracoronary injection of neo-
stigmine, an anticholinesterase agent. Stimulation of the peripheral end of the
cut vagus produced a similar salutary effect. Shumacker et al.®* and Navratil®
both showed by different means that blockage of sympathetic impulses in-
hibited the development of ventricular fibrillation.

Mechanical Stimuli—Hegnauer et al.®> showed that the mere presence of
an intraventricular catheter increased the likelihood of fibrillation, and count-
less observations at the operating table have confirmed that mechanical
stimuli of any sort may set off ventricular fibrillation in an irritable heart.

Epinephrine—During hypothermia increased amounts of epinephrine and
norepinephrine circulate in the blood.®® Since Berne in 1954%° had shown that
injected epinephrine may stimulate the onset of ventricular fibrillation this
increased level of endogenous catachol amines may be important.

Anesthetics—Cyclopropane®” has been incriminated as an influence in the
production of fibrillation especially when combined with epinephrine. Pen-
tothal is thought less likely to produce fibrillation than Nembutal, but most
of the anesthetic factors concerned with the development of fibriilation are
ventilatory rather than pharmacologic.

Management of Ventricular Fibrillation

Prevention—Many antifibrillatory drugs have been recommended. Neo-
stigmine was first suggested by Montgomery.?® One to two cc. of a 1:4000
solution is injected into the root of the cross-clamped aorta to perfuse the
coronary arteries. This both slows the heart during the period of occlusion
and protects against fibrillation. The use of quinidine was reported by Gol-
lan,% Berman et al.®* Angelakos™ and Johnson et al.™

Antihistamines, local anesthetics and tranquilizers have all been tested but
none has attained general clinical acceptance.

Both hyperventilation®® and the use of high concentrations of CO; in the
respiratory gas mixture” have been advised and the rationale of those methods
has been discussed above. They are both effective.

Intravenous nutrient solutions such as dextrose, glycine, dextran, and fat
emulsions have been shown by Caranna et al.” to decrease the incidence of
fibrillation in dogs cooled to 23-25 C. and subjected to cardiac incision. Not
only was the incidence of fibrillation less in these animals but when it oc-
curred resuscitation was easier.

Perfusion of the coronary arteries during the period of circulatory occlu-
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sion has been advised by Shumway et al.™ and Edwards et al.?¢
Infiltration of the atrium and the S-A node with procaine has been tried
but again this method has not become generally accepted.”™

D. Central Nervous System

The important questions concerning the relationship between hypothermia
and the central nervous system are these: (1) what is the lowest temperature
which can be tolerated? (2) What is the effect of hypothermia on cerebral,
cord, and nerve function? and (3) how long will the cord and brain tolerate
complete cessation of circulation at various temperatures?

The data concerning the pathology of cold in the central nervous system,
are conflicting. Parkins et al.”® found serious brain damage with differential
cold perfusion when the brain temperatures of dogs were lowered below 14
C. On the other hand, Adams and Pevehouse™ achieved survival without
neurologic damage in dogs cooled to 12 C. brain temperature by regional
perfusion. Niazi and Lewis™ cooled dogs by immersion to 7 C. with recovery
without brain damage, and more recently, Gordon and Jones et al.*? using
pervascular cooling achieved cerebral temperatures of 8-12 C. without dam-
age. It appears, therefore, that cooling to temperatures as low as 8 C. by this
technic, does not result in pathology in dogs. As regards man, certain patients
in Temple Fay’s series'® who succumbed had been subjected to temperatures
down to 25 C. for as long as 150 hours. A study of these brains by Sano and
Smith™ did not reveal any pathology.

Peripheral neurological lesions have been observed in both animals and
humans cooled by ice-water immersion® when exposure to the ice-water was
prolonged. In three cases measured, the temperature of the extensor muscle
mass of the forearm fell to 3-5 C. This confirms the experimental work of
Denny-Brown et al.,®? who demonstrated peripheral nerve lesions below & C.
Recent clinical experiences with profound hypothermia have revealed the
possibility of severe cerebral damage arising some days or even weeks after
the patient has been cooled.®* The syndrome produced by these changes con-
sist of Parkinsonism and progressive cerebral deterioration to the time of
death. It is thought that microscopic aggregations of red cells and white cells
in the cerebral capillaries result in micro-infarcts, and these lesions seem to
be more common in children than in adults. For this reason Bjork*!' advises
against the use of this technic in children.

Hypothermia has a significant depressant action on brain and nerve func-
tion, and because of this depressant action, hypothermia is an effective method
of producing anesthesia.’® Electroencephalography shows that voltage ampli-
tude begins to fall between 32-34 C. until the level of electrical silence is
reached at 18-20 C.%* Blair et al.* in a study of humans undergoing cardiac
surgery during hypothermia, found that the cardiovascular reflexes remained
intact down to about 27 C.

How protective is hypothermia against the damage of anoxia or ischemia?
Evidence from dogs,® cat brain slices in vitro®® and humans®’ confirm that
cerebral oxygen consumption decreases linearly with temperature. Lougheed
and Kahn®® found that at 30 C., the cerebral metabolic rate of dogs was re-
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duced to 50 per cent, and at 25 C. to 25 per cent of normothermic control.
At the latter temperature, 7 dogs underwent a 15 minute circulatory occlu-
sion with survival. As a result of these studies, Lougheed et al.*® occluded
the cerebral circulation in 2 patients for periods up to 140.5 minutes without
evidence of cerebral damage.

Gordon?? found that dogs cooled to 13-18 C. tolerated 25-35 minutes of
circulatory arrest without damage. A second group cooled to 8-12 C. simi-
larly tolerated 55-60 minutes of arrest. The oxygen consumption was studied
at various temperatures, and using the hypothesis that each 50 per cent re-
duction in oxygen consumption doubles the safe period for circulatory arrest,
the authors constructed the following table:

Safe Period For

Temperature Oxygen Consumption Circulatory Occlusion
371 C. 100% 4-5 min.
29 C. 50% 8-10 min.
29 C. 25% 16-20 min.
16 C. 12% 32—40 min.
10 C. 6% 64-80 min.
6 C. 3% 128-160 min.

That these periods of circulatory arrest are in fact reasonable was borne out
by experimental circulatory occlusions of one hour in dogs at 10 C. In pa-
tients at similar temperatures, occlusions of over one hour were net followed
by either electroencephalographic or neurologic evidence of central nervous
system damage.

The protection afforded by hypcthermia to the spinal cord when the thoracic
aorta is clamped has been amply demonstrated by Pontius et al.*® Owens et
al.?2 and Parkins et al.”® A two- to three-fold increase in tolerable periods of
aortic-clamping without hind-limb paralysis was demonstrated at tempera-
tures in the range of 23 to 26 C. and at the University of Colorado hypo-
thermia to 30 C. is routinely used in all operations for coarctation of the aorta.

Hypothermia also has a role in the prevention and treatment of brain in-
jury. Rosomoff et al.?* clearly showed in the dog: 1) that hypothermia of 25 C.
for 1 hour markedly reduced the mortality of a standard brain injury; 2) that
if hypothermia were instituted within three hours of the injury, a similar pro-
tective effect was noted, and 3) the mode of action did not appear to be be-
cause of reduction in cerebral edema. Clinically, the use of hypothermia in
treating patients with severe head trauma has gained widespread acceptance,
although the value of the method is difficult to prove. However, Williams
and Spencer?? demonstrated the advantage of cooling patients who do not
immediately recover neurologic function following cardiac arrest and re-
suscitation. This practice has now become standard treatment under these
conditions.

E. Respiratory System

Hypothermia depresses spontaneous respiration, and if the temperatire is
reduced sufficiently apnea ensues. The exact point at which this occurs de-
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pends upon factors such as the type and depth of anesthesia but is usually
around 28 C. Because of the diminishing respiratory efficiency and for other
metabolic reasons, assistance to the respiration during the induction of anes-
thesia is desirable. No significant pathology of the lung has been identified
as being caused by short term hypothermia alone.

F. Endocrine System

Hypothermia is accompanied by a marked depression of adrenal cortical
secretion in the dog.**** The secretion of ACTH and the ability of the cortex
to respond to exogenous ACTH are both diminished. Swan et al®® found
that major operative stress did not cause elevation of plasma stercids in hypo-
thermic patients. Both conjugation and excretion were simultaneously de-
pressed, but, upon rewarming, adreno-cortical secretion was promptly re-
sumed at a level reflecting the magnitude of the surgical trauma. Thus, as
regards the body response to surgical trauma inflicted during the cold state,
hypothermia appears merely to “stop the clock” temporarily, and on rewarm-
ing the usual responses are obtained.

G. The Kidney

Most observers?®?® have observed that renal blood flow and glomerular
filtration rate are depressed. Total urine volume remains almost normal. The
ability of the kidney to produce ammonia or to acidify urine decreases with
temperature, but these functions return slowly to normal in the 24 hours
following rewarming.

Hypothermia protects the kidney from ischemic damage and the use of
local hypothermia by packing the kidneys with ice-bags results in a significant
prolongation of the time during which a kidney may be totally ischemic and
yet recover its normal function. Nevertheless, patients undergoing resections
of aortic aneurysms under hypothermia sometimes show a significant depres-
sion of renal function post-operatively which may never return to normal.

H. The Liver

Hepatic blood flow is diminished during hypothermia but this does not
seem to give rise to sequelae unless the period of hypothermia is prolonged
beyond 6 hours when there is some depletion of liver glycogen. Bernhard et
al1® showed that dogs were able to survive severe ischemia of the liver if
they were hypothermic, and for this reason, during hepatic operations re-
quiring prolonged clamping of the portal vein or hepatic artery hypoth:srmia
provides protection to the liver. Moore'®* observed that livers excised for

transplantation would maintain normal viability for 12 hours at temperatures
of 20-22 C.

I. The Clotting Mechanism

Studies of the clotting mechanism in the dog bear so little relation to the
results obtained from humans that they will not be discussed here. Bunker
and Goldstein'®? measured various clotting factors in 10 patients undergoing
neurosurgical procedures and concluded that with the exception of a sig-
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nificant reduction in prothrombin consumption, the changes in coagulation
seen were similar to those observed during surgery and transfusions at normal
temperatures.

Von Kaulla and Swan'®® in a study of 11 patients undergoing cardiac sur-
gery during hypothermia, did not observe any bleeding tendency due to
prothrombin deficiency. Moreover, bleeding times were not prolonged, nor
were platelets significantly depressed. However, thrombin inhibitor was in-
creased and it was believed that such changes were associated with vascular
respenses predisposing to hemorrhage. In any event, hemorrhage was one of
the causes of death in the University of Colorado series as reported by Swan
and Blount.1%4

Of perhaps equal importance is the possibility of hypercoagulability occur-
ring in the postoperative period. Whether this is true “hypercoagulation” or
merely the same tendency to thrombo-embolic episodes which is seen after
major surgery at normal temperatures is known. Nonetheless, 4 of Bunker
and Goldstein’s'? patients suffered postoperative thrombosis, and pulmonary
artery and cerebral thrombosis during the postoperative period was a lethal
complicaticn in four patients in the series of 111 patients undergoing intra-
cardiac surgery by Swan and Blount.!**

For these reasons, fresh blood is used for the first two transfusions given
during hypothermic cardiac surgery in an attempt to restore to ncrmal any
deviations in the clotting mechanism. In addition, adult patients with inter-
atrial septal defects who have a very sluggish pulmonary circulation post-
operatively because of the tremendous size of their pulmonary vascular tree
are started on heparin when the chest tubes cease draining, and are continued
on anti-coagulant therapy for several weeks.

MeTHODS OF COOLING

Surface cooling has become a standard technique for the induction of mod-
erate hypothermia. As used in the University of Colorado hospitals, the {cl-
lowing method is uniform procedure. Very similar technic is used by Bigelow!s
in Toronto, Brom!°® in Leiden, Zindler'®” in Dusseldorf, and Secllick!®® in
London.

1. The rectal temperature is reduced to 30-32 C. This is the lowest level
reached after drift, and every effort, including the use of diathermy, is made
to prevent the temperature from falling below 30 C.5

2. Cooling is achieved by immersion in ice water. The patient, premedicated
by Demerol meperidine) or a barbiturate and small doses of scopolamine {not
morphine or atropine), is anesthetized to the second surgical plane with ether.
He is then immersed in a tub containing luke warm water. When all vital signs
appear stable, cubes of ice (about 50 to 75 Ibs. for an adult) are added to the
tub. The water is constantly stirred. An adult may take 30 to 60 minutes, and
a small child 8 to 12 minutes to cool to 33 C. (rectal), at which temperature
he is removed to the operating table. The end temperature with be about 30-
30.5 C. with this method. After removal from the tub the patient’s skin is
carefully dried and powdered and the diathermy coil attached around the
pelvis.
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3. Throughout the induction, the course of cooling, the operation and the
recovery period, deliberate respiratory alkalosis is maintained by hyper ventila-
tion.®!

4. During the procedure, a constant drip of 5 per cent dextrose is maintained
at 30 to 40 drips a minute. A deliberate hyperglycemia is thus achieved. A
beneficial effect of intravenous nutrients on the myocardium during hypo-
thermia now appears to be confirmed.”™

5. The first two pints of blood used for transfusion are freshly drawn, hepa-
rinized in siliconed bottles. The presence of platelets, fibrinogen, and other
enzyme elements of the clotting mechanism together with absence of citrate,
are considered to be helpful in avoiding the bleeding diathesis formerly seen
in hypothermia.’** A low blood volume is scrupulously avoided as hypovolemia
is poorly tolerated by the hypothermic individual 1%

6. The patient is rewarmed by internal heating, i.e., diathermy, applied to
the pelvis and he must be breathing spontaneously and responsively before
being returned to the recovery room. Careful drying of the skin, padding, and
only intermittent use of the diathermy are essential to avoid burns of the
sacral area.

Other agents besides ether, including chlcrpromazine, barbiturates, paralde-
hyde, curare, and opiates have been used to suppress the shivering incited by
the stimulus of cold. The “lytic cocktail” does not appear to have advantages
over other agents.

Other methods in common use for surface cooling include the temperature
control blanket,''*1! cold saline intrapleurally,''? ice bags,'*® and cold air
chambers.!* These have the disadvantage of taking longer than ice-water
immersion. Warming may be assisted by warm blankets, hot water bottles,
temperature-control blankets, and warm water immersion, as well as diathermy.

An entirely different extracorporeal technic was suggested almost simulta-
neously by Boerema et al!’® and Delorme.''® This consisted of allowing the
arterial pressure to push the animal’s heparinized blood through a heat ex-
changer and reinfuse it into a vein, and Gollan et al.''" and Pierce and Pol-
ley,''8 suggested the use of a pump-oxygenator in a veno-arterial cooling cir-
cuit. Brock and Ross''® developed a vein-to-vein technic for extracorporeal
cooling for clinical use with a hand-driven roter pump to drive the blood
through the heat exchanger. Dogliotti and Ciocatto'?° first suggested the clin-
ical application of the combined methods of extracorporeal circulation and
hypothermia and this technic was later developed and extensively employed
by Young, et al.'?! using the improved heat exchanger of Brown et al.'?? This
system has been used successfully for the induction of all degrees of hypo-
thermia. Urschel et al.'?* Osborn et al.’?* and Gebauer'?® created very effective
heat exchangers out of their rotating disc oxygenators, thus not requiring an
additional cooling unit in the circuit.

Most recently, Drew et al.'26 and Shields and Lewis'?? almost simultaneously
reported a technic for achieving deep hypothermia by perfusing both the
systemic and pulmonary circuits, using the animal’s own lungs for oxygenation
and a heat exchanger on the systemic side. Core temperatures in the 10-20 C,,
range were achieved, allowing periods of complete circulatory occlusion up
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to 50 minutes with recovery. Drew and Anderson'?® described the first patients
to undergo this type of cooling for cardiac surgery and many others have
continued to explore this method for the repair of a variety of congenital de-
fects.

A final method of cooling which has received clinical trial was described
by Parkins et al.”® This consisted of perfusion of the brain with very cold blocd.
Although the rectal temperature remained near 30 C., brain temperatures of
18-20 C. allowed circulatory occlusion for periods up to 30 minutes with re-
covery. Kimoto et al'?* described 5 patients in whom this method was em-
ployed for repair of congenital cardiac defects. Their longest occlusion period
was 13 minutes.

COMPLICATIONS OF HYPOTHERMIA

The complications of external cooling can be largely prevented, but continu-
ous caution and careful attention to detail must be maintained.

1. Peripheral nerve paralysis may occur as the result of prolonged immersion
and may be avoided by not allowing the arms or legs to remain in the ice-
water for longer than 30 minutes. Recovery is almost always complete.

2. Burns of the sacral area or around the electrocardiograph needles are
distressing, and may cause undesirable morbidity. The former is a lesion due
to ischemia from the pressure of the body weight combined with diathermy
heat; the latter is probably a complication of the use of electrocautery. Since
these burns are deep and the healing slow, early grafting is usually indicated.

3. Ventricular fibrillation is most dangerous if it occurs in a patient not
undergoing a thoracic operation. Various agents may be of protective value
as discussed above. If the chest is open, electrical defibrillation is almost
universally successful.

4. Postoperative hemorrhage occurs more frequently, we believe, than in
normothermic patients. This is not due so much to any change in the clotting
mechanism caused by hypothermia, but rather to the fact that the wound is
made and closed when the blood pressure is depressed. Upon warming, small
arterial bleeders not previously manifest, may open up. Meticulous hemostasis
in making the incision is thus imperative, and warming the patient on the table
with diathermy so that the blood pressure rises before the incision is closed is
also helpful. There should be no hesitation in re-exploring to find and ligate the
bleeding points as soon as it becomes evident that blood loss is continuing at
an excessive rate postoperatively.

5. Gastric dilatation in the immediate postoperative period must be watched
for, and intubation resorted to if necessary.

6. Pulmonary complications such as atelectasis or pneumonitis occur with
about the same frequency as in thoracic procedures done during normothermia.
Hypothermia does not seem to predispose the patient to respiratory infections.

INDICATIONS FOR HYPOTHERMIA

Hypothermia reduces metabolic rate, slows the heart, and causes hypoten-
sion. Based on these physiologic effects, some potential uses of this modality
are suggested below. It must be noted that some of these have actually been
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demonstrated to have merit, while others remain to be investigated. Those
which have already had clinical endorsement are marked by an asterisk.
I. To reduce oxygen need in acute or reversible conditions causing general
or local hypoxia.
A. Acute pulmonary diseases (atelectasis, pneumonia ).
B. Pulmonary or cerebral embolus.
*C. Post-Cardiac arrest encephalopathy.
*D. Acute head trauma.
*E. Deliberate temporary interruption of blood supply.
1. Total interruption.
*a. Cardiac Surgery.
2. Regional Interruption.
“a. Descending aorta.
*b. Cerebral arteries.
“c. Hepatic vessels.
*d. Renal vessels.
*F. Ischemic extremity.
II. To cause “physioclogic” hypotension and/or local hemostasis.
A. To diminish hemorrhage.
“1. Brain surgery.
2. Skin grafting.
#3. Gastro-duodenal hemorrhage.
B. To counteract hypertensive crises.
1. Encephalopathy.
2. Eclampsia.
III. To increase tolerance to hypotension.
A. Septic shock.
B. Myocardial infarction.
IV. To combat hyperpyrexia.
“A. Thyrotoxicosis.
B. Third-ventricle hemorrhage.
C. Heat stroke.
*D. Any febrile illness.
V. To decrease anesthetic or operative risk.
*A. In presence of cardiac disease.
1. Tachycardia (slows heart rate).
2. Cardiac dilatation (mitral, etc.) - (lower cardiac output)
*B. Liver disease (cirrhosis).
*C. Chronic pulmonary disease.
*D. Any debilitated patient.
VL. To help combat infection.
A. Septicemia.
B. Peritonitis.
VII. Burns.
VIII. The transplantation of tissues.
A. Kidney.
B. Liver.
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. Gastro-intestinal tract.
Skin.

. Arteries.

Cornea.

. Bone.

. Other.

TOEEYO

HyPOTHERMIA AND INFECTION

It has been shown that many of the elements of inflammation such as
hyperemia, edema, leukocytosis, and local necrosis may be markedly reduced
by the use of hypothermia.!?*131 At the same time, the proliferation of some
organisms including strep. hemolyticus is greatly retarded. Eiseman et al.'®?
suggested that the invasive properties of the organism were retarded more
than the defense mechanisms of the host, and Fedor et al.’3 reached a similar
conclusion that “. . . the rationale for the use of hypothermia in combatting
infection is reasonable.” The clinical trials of this method have as yet been
limited.

HYPOTHERMIA AND SHOCK

Does the hypothermic individual tolerate hemorrhagic shock better or
worse than the normothermic? The evidence is conflicting.

One of the simpler, more definite relationships is the effect of cold in limiting
surface hemorrhage or regional edema. This property has been known since
the times of Hippocrates. Duncan and Blalock'** found in crushed extrernity
experiments that the application of ice resulted in less swelling and increased
survival if it were maintained throughout the compression period. If the leg
were crushed and ice applied thirty minutes later, there was little or no effect.
More recently, Willman and Hanlon'®® clearly demonstrated that hemorrhage
from a split-thickness graft site was less when cold compresses were applied.
Thus, to whatever extent hypothermia, either regional or general, decreases
blood loss or plasma extravasation in the injured individual, to that extent it
is beneficial in preventing hypovolemic shock.

Wilson et al.1?? studied the response of dogs to a rapid arterial hemorrhage
of 35 per cent of the measured blood volume. Such animals lived if bled when
normothermic; but, if bled when hypothermic, only 18 per cent survived. In
other words, a certain hemorrhage which killed no warm dogs, killed 82 per
cent of hypothermic dogs.

On the other hand, the apparent benefit of hypothermia in the treatment
of septic shock is mentioned elsewhere in this paper.

It is obvious that much remains to be learned concerning the relationship
of hypothermia to shock-like states of various kinds.

SurcicAL Uses oF MODERATE HYPOTHERMIA

A. As a Technic for Open-Heart Surgery

Certain fundamental technics for open-heart surgery have been evolved.®®
The patient is very carefully positioned so that the cardiotomy will be at the
most superior aspect of the heart. Thus, for closure of an auricular defect the
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patient is tipped to the left with head elevated; for pulmonary valve surgery to
the right with head markedly elevated; etc. The air may thus escape from the
uppermost chambers of the heart through the cardiotomy at the time of re-
treat from the heart.

At the onset of circulatory occlusion, the heart is slowed by the injection
of 1:4000 neostigmine given by coronary perfusion. From 1-2 cc. of this solu-
tion will slow but not stop the hypertrophied heart. The heart will stay pink
almost throughout the occlusion period, and will resume its beat readily once
corcnary circulation is allowed.5?

The root of the aorta is always clamped (except with aortic stenosis) in
order to prevent coronary blood flow during occlusicn. This helps prevent
coronary air embolism, maintains the bradycardia, and in diminishing the
coronary return to the heart insures a dry operative field and thus a shorter
occlusion period.!3®

The period of circulatory occlusion should not exceed six minutes and must
not exceed eight. If it is apparent that the complete operation cannot be ac-
ccmplished in this period of time, the procedure should be stopped and escape
frcm the heart effected, bringing out the loose ends of any unfinished sutures.
Circulation is restored. After 10 or 15 minutes to allow re-establishment of
normal myocardial metabolism, the occlusion may be repeated. At least 10 to
12 safe minutes of intracardiac time may thus be achieved.?®

1. Isolated pulmonary stenosis—The results of transventricular instrumental
incision and dilatation of the congenitally stenosed pulmonary valve, although
often quite satisfactory, have nevertheless frequently been disappointing when
objective postoperative studies were performed. The stenosis has been found,
at times, to be essentially unrelieved.'®” Under direct vision during cessation of
circulation, the pulmonary artery may be opened, the fused funnel-like vaive
incised in three directions all the way to the ring. The heart is allowed to fill
with blood as the clamp is replaced on the pulmonary artery. The incision
in the artery may then be sutured while circulation proceeds.

The results of this operation are eminently satisfactory when studied later
by objective measurements. The gradient from right ventricle to pulmonary
artery is reduced to less than 20 mm./Hg in almost every case, and the right
ventricular pressure is usually found to be less than 40 mm./Hg.1?*® Compensa-
tory infundibular hypertrophy may cause some temporary residual gradient in
this area, but as the thickness of the ventricular myocardium in the right out-
flow tract decreases following the release of the valvular stenosis, this gradient
gradually disappears with time; and after two or three years, the dynamics
will be found to be essentially normal. Some valvular regurgitation may be
created, but it has not been found necessary to re-operate on any patients be-
cause of residual infundibular obstruction.

At the University of Colorado 69 consecutive patients have had an open re-
pair of isolated pulmonary valvular stenosis without mortality, and 9 patients
had open resection of isolated infundibular stenosis, with one death. This
technique is now widely used in the United States and Europe.

2. Atrial septal defect—Suture closure of the high secundum and foramen
cvale defects can be easily achieved under hypothermia. Even the very large
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defects do not need placement of prosthetic devices since the huge right atria
provide ample wall to allow closure by continuous suture. The presence of
aberrant pulmonary venous drainage occurs in about 15% of patients, but opera-
tive techniques to overcome this additional anomaly have been described by
both Lewis et al.!3® and Swan et al.194140 Great care must be taken to avoid
the inadvertent transplantation of the inferior cava to the left auricle, and
the air must be thoroughly evacuated from the left ventricle befors the final
stitch is taken to avoid air embolism. If more than six minutes is requirec for
the procedure, multiple circulatory occlusions permit adequate intracardiac
time. Accurate preoperative diagnosis, of course, is essential since it is un-
desirable for the surgeon to be operating with hypothermia alone and then
find the lesion to be a primum type defect for which he would like to use the
pump oxygenator. Such diagnostic accuracy, however, is quite possible with
modern cardiological evaluation.!!!

In the early development of the technique, Swan et al.,** operated upon 43
patients with 7 deaths. Subsequently, 137 additional patients were repuired
with only 3 deaths. It would seem, therefore, that the current risk of this
technic is somewhat less than two per cent. Derra,'*> Brom,'°® and Bedford
et al.’*3 have continued to use this method with excellent results.

3. Trilogy of Fallot—Since the Trilogy of Fallot consists essentially of the
combination of valvular pulmonic stenosis and a foramen ovale septal defect,
it was one of the earliest of the cyanotic forms of congenital heart disease to be
attacked surgically with open technique. At first it was thought that relief of
the pulmonic stenosis alone might prove to be adequate treatment if the post-
operative fall in right ventricular pressure resulted in a significant decrcase
in the right-to-left shunt through the atrial septal defect. Indeed, this result
does occur in many patients. An occasional such patient may need a second-
stage closure of the septal defect. Since, however, both defects can be com-
pletely corrected at a single operation using multiple circulatory occlusions at
low risk, Swan et al.,'** after experience with 23 surgical patients, recommend
the single stage curative procedure.

4. Aortic stenosis—Although by 1954 the open attack on the pulmonary
valve had become commonplace, surgeons hesitated to use the same approach
to the aortic valve for fear of air embolism to the coronary or cerebral circula-
tions.. Experimental observations in dogs indicated that, even though the cor-
onary ostia were exposed to the room air, there was not a tendency for air
embolism to the coronary or cerebral circulations. Accordingly, Swan and
Kortz!# reported the first successful open operation on the aortic valve in man
using inflow occlusion during hypothermia. Soon afterwards, Lewis et al.14
successfully employed an almost identical technic in one of two patients. Sub-
sequently, of course, with the development of successful pump-oxygenators,
most aortic valvular surgery has been done during total extracorporeal bypass.
The use of hypothermia alone, however, for congenital stenosis of the aortic
valve and for early acquired valvular disease has continued to have support-
ers.1*7 The congenitally fused, often bicuspid aortic valve can be carefully and
accurately incised in the commissures within the six minute time iimit. To
create regurgitation of the aortic valve is disastrous; therefore, these incisions
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must be made precisely, leaving intact competent cusps. The occasional patient
with infundibular aortic stenosis is better operated upon during total body
perfusion.

The addition of a constant perfusion of blood into the coronary circulation
from a blood reservoir was studied and then attempted clinically by Shumway
et al.,”* Spencer et al.,'*® and Maloney et al.*® No great extension in perinis-
sible occlusion time was obtained, the mortality and morbidity rates paralleled
those patients not receiving perfusion, and the technic had the disadvantage
of increasing the blood in the operative field. For these reasons, the method
did not receive wide acceptance. However, the use of this technic during
cardiac arrest and extracorporeal circulation is of distinct value and is de-
scribed below.

The current experience at the University of Colorado includes open opera-
tion during hypothermia on 23 patients with congenital valvular disease, with
2 deaths. In addition, 5 patients with acquired stenosis were repaired with 0
deaths. The degree of improvement in the former group was excellent, while
in the latter, fair. Extensive calcific aortic stenosis remains a challenging
problem to the cardiac surgeon.

5. Other defects—Other rare lesions capable of open repair during hypo-
thermia alone include aortico-pulmonary fistula. sinus of Valsalva fistula,
coronary arterial fistula to right ventricle, and aberrant pulmonary venous
drainage.

B. As an Adjunct for Closed Heart or other Thoracic Surgery

Bigelow!% was the first to urge the use of hypothermia as an adjunct in the
surgery for far advanced mitral disease with cardiac failure, and successfully
treated obviously high-risk patients who had massive cardiac dilatation. After
relief of their mitral obstruction, they were much improved clinically and
their heart size reduced remarkably. At the University of Colorado, we have
had similar experiences with 8 mitral patients. The hypothermia reduces the
heart rate, cardiac output and work load of the heart and minimizes the dose
of narcotic agents necessary because of its anesthetic action. In addition, a
safety factor is provided and if desirable for any reason the circulation can
be safely arrested for 6 to 8 minutes. For these reasons, we have chosen to use
hypothermia for patients with large patent ductus, aortico-pulmonary fistula,
total anomalous venous drainage, tricuspid atresia, tetralogy, and transposition.

For similar reason, hypothermia has been urged for patients undergoing
surgery for a wide variety of diseases in general and thoracic surgery. Brewer
and King!®® emphasized its use in the aged and debilitated, and Eiseman et
al.’%! and Reeves and Lewis,'%2 for various general surgical conditions, particu-
larly cirrhosis of the liver.

C. As an Adjunct for Surgery of the Aorta

The experimental studies indicating that moderate hypothermia markedly
prolongs the period during which the descending aorta may be clamped with-
out damage to the cord or to the kidneys have been described. This beneficial
effect has been used clinically by a number of surgeons to permit the prolonged
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clamping necessary for the resection of coarctation or aneurysms of the de-
scending aorta. Thus, Julian et al.'"® described this clinical application in 2
patients with aneurysm and 6 with coarctation. DeBakey, et al.'** and Gwath-
mey et al.'® have had extensive satisfactory experience with this technique.
At the University of Colorado in 1947, a patient suffered paraplegia {ollowing
resection of coarctation. Since 1954, therefore, all adult patients with coarcta-
tion have been cooled as a protective measure against cord damage. To date,
in 20 patients so treated, neurologic injury has not occurred.

TaE CoMmBINED UstE oF HYPOTHERMIA AND EXTRACORPOREAL CIRCULATION

The obvious factor limiting the use of hypothermia alone is the time avail-
able for the performance of intracardiac repair and reconstruction. Compli-
cated and difficult lesions need considerable time for their repair, and there-
fore the use of a pump-oxygenator is mandatory in repairing such defects. How-
ever, distinct advantages are to be obtained from the combination of extra-
corporeal circulation and hypothermia.

1. Safety Factors

A cold heart is better able to withstand anoxia than a warm one, and there-
fore a safety margin exists in the event of any unforeseen mishap during the
perfusion. Also the heart rate is slowed by the hypothermia, and if cardiac ar-
rest is not desired, at least the surgeon has the benefit of working with a slow-
ly beating heart. If, however, the heart does stop, the greatly reduced metabolic
demands of the cold heart enable a longer permissible time before the return
of adequate circulation without subsequent difficulty. Additional protection is
also afforded to the brain.

2. Reduced Oxygen Requirement

The extent of the reduction in oxygen requirement depends upon the de-
gree of hypothermia but permits the use of a smaller oxygenator with a lower
blood flow and consequently less trauma to the blood. The decrease in the
amount of blood required is also a definite consideration in view of the in-
creasing number of open-heart operations being done.

3. Change in Diagnosis

If the patient is first cooled in the tub and subsequently attached to the
pump-oxygenator, it is possible, on occasion, to dispense with the pump-oxy-
genator, if it is found that the diagnosis is such that the operation could be
done adequately with hypothermia alone. The patient need not then be ex-
posed to hazards both known and unknown of perfusion.

4. Technical Advantages

It is possible to stop the perfusion completely in a cooled patient for some
minutes if the situation should demand a completely dry, bloodless field. With
the patient’s temperature at 30 C. the perfusion can be stopped for at least
five minutes without any fear of cerebral damage, and this maneuver can
give valuable assistance to the surgeon. This procedure may be repeated sever-
al times during a long perfusion if necessary, but care should be taken to see
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that the electroencephalogram returns to normal between each period of cir-
culatory arrest.

The combination of hypothermia with extracorporeal circulation does not
necessarily complicate the perfusion technique. The hypothermia can be in-
duced by one of three methods. Either the patient is cooled in an ice-water tub
prior to the operation in which case only moderate hypothermia down to 30 C.
can be used, or a heat-exchanger is incorporated into the circuit'®” and after
the patient is cannulated for the perfusion is cooled by being perfused with
cold blood. The first technic has the disadvantage of being somewhat slow in
large adult patients and limited in the degree of hypothermia obtainable. How-
ever, it has the advantage of producing a uniform degree of hypothermia with-
out temperature gradients between various tissues and organs, and this may
well be advantageous in preventing the perfusion of relatively warm tissues
by very cold blood, with a resultant relative hypoxia. Most of the heat ex-
changers available are variations of the one introduced by Brown,'** and com-
bine the properties of efficiency with ease of sterilization. Naturally they pre-
sent some resistance to the flow of blood but if a double heat exchanger has
to be used in a large patient, this resistance can be greatly reduced by plac-
ing the exchangers in parallel rather than in series. If a heat exchanger is used,
the advantages outlined above of being able to change the operation {rom one
using a pump-oxygenator to one with hypothermia alone are not obtainable,
because the patient has to be cannulated in order to be cooled. The third
method for the induction of deep hypothermia as described by Drew,'*¢ Shields
and Lewis,'?7 is detailed below.

In general, the use of a heat exchanger has become the more acceplable
technic because of the rapidity with which hypothermia can be induced, and
because of the ease with which the patient can be rewarmed at the end of the
precedure. The induction of hypothermia in this manner results in definite dif-
ferences in temperature between various tissues of the body. The muscle cools
the least and the rectal temperature is usually the lowest. Brain and esophageal
temperatures are intermediate but the temperature of the brain may be several
degrees higher than that of the esophagus. During the perfusion the esophageal
temperature should be taken as the guide to the temperature of the heart.

In many centers the combined use of hypothermia and extracorporeal cir-
culation has become almost routine although the degree of hypothermia used
is variable.

THE Ust oF DEEp HypPoTHERMIA FOR OPEN-HEART SURGERY

In 1954 Gollan®*" was the first to reduce the temperature of a dog to 0 C.
using an extracorporeal circuit. The circulation of the animal was stopped
completely and the animal recovered.

Deep hypothermia may be induced by the use of a standard system of total
cardiopulmonary bypass including a heat exchanger,'®” or using the patient’s
own lungs as an autogenous oxygenator with separate circuits for the pulmonic
and systemic circulations. The main advantage of using deep hypothermia is
the extremely dry motionless surgical field which can be obtained at tempera-
tures around 15 C. with total cessation of circulation and respiration for periods
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of 45-60 minutes. It appears that cessation of the circulation for 45 minutes is
safe in the human, at temperatures not higher than 15 C. Even at these tempera-
tures there is consumption of oxygen,?? and it may be advantageous to maintain
the circulation with the pump-oxygenator rather than obtain complete cessa-
tion of circulation. '

The advantages of using deep hypothermia are:

1) There is maximal protection for the heart during periods of anoxia and/or
cardiac arrest.

2) It is possible to have a prolonged period of total arrest of circulation and
respiration with an extremely dry and motionless surgical field.

3) If the Drew technique is used the quantity of blood necessary to prime
the circuit is only 1,200 to 1,500 cc., and the absence of an oxygenator results
in diminished trauma to the blood.

However, the method is not without disadvantages. If the patient’s lungs are
diseased then their efficiency as an oxygenator may be impaired. Thus it is
probably inadvisable to use this technique in patients with pulmonary hyper-
tension and possible pulmonary vascular changes. In the experimental animal
pulmonary edema is not uncommon although the pulmonary artery pressure
during the perfusion may not exceed 20-25 mm./Hg at the time the pulmonary
edema develops. Cerebral damage has been noted by Bjork®! and the same
type of damage has also been experienced by other surgeons using this tech-
nic. As mentioned above, it may be due to intravascular aggregation of
platelets and white cells resulting in micro-infarcts.

Several hundreds of patients have now been operated on using this technique
in Europe, England, and the United States. Many of these patients bave been
severe risks and therefore inevitably the mortality rate has been high, but
not excessively so. A wide variety of lesions has been attacked and the tech-
nic has particular merit in those operations where detailed, meticulous
suturing is required under entirely motionless, bloodless conditions, such as
for the repair and reconstruction of aortic valves.!?8

THE Ust oF HyPOTHERMIA FOR THE INDUCTION OF CARDIAC ARREST

Credit must go to Melrose!® for introducing the concept of induced cardiac
arrest using potassium citrate perfusion of the coronary arteries. This method
demonstrated that the heart could be stopped, operated upon, and restarted
again. However, it has since been shown that potassium damages the myo-
cardium.'® Focal necrosis and fibrosis may result with the development of
heart failure some weeks or months postoperatively. Moreover, the ability of
the heart to perform work immediately after the period of cardiac arrest is
seriously impaired.’¢! Other pharmacologic methods of inducing cardiac ar-
rest similarly reduce the ability of the ventricles to perform work in the im-
mediate post-operative phase. However, the induction of cardiac arrest by
hypothermia while still diminishing the heart’s capabilities does not result
in such a serious deterioration in cardiac function. Therefore, cold arrest of the
heart is probably the technic of choice at the present time.

The temperature of the heart has to be reduced to about 15-17 C. before it
will stop. This can be done by perfusion of the coronary arteries with cold
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blood from the pump-oxygenator, by perfusion of the coronaries with cold
oxygenated blood from a separate circuit, or by surrounding the heart with
frozen Ringer’s solution, and the rapid induction of local deep hypothermia.
At the same time, the coronary arteries may be perfused by a mixture of cold
blood and Ringer’s solution so that cooling of the myocardium does not de-
pend entirely upon heat loss at the epicardial surface. In spite of the protection
afforded to the myocardium by cold arrest, it is probably advisable to maintain
some perfusion of the coronary arteries while the heart is arrested. This is
particularly true in large hypertrophied hearts such as are found in severe
aortic valvular disease. These hearts because of their large muscle mass are
peculiarly susceptible to periods of anoxia and have, in addition, a significant
reluctance to restart after a period of arrest. Thus it is essential that they
should be afforded every protection during the period of arrest, and such
protection is probably best afforded by cannulation and perfusion of the
coronary arteries with 200-350 cc. of blood per minute during the period of
arrest. At the same time, it is most important that none of the chambers of the
heart should be allowed to dilate and, therefore, appropriate cannulae should
be inserted into the left and right sides of the heart at the start of the procedure
while the heart is still beating so that under no circumstances will dilatation of
the heart occur while it is arrested. Even momentary dilatation of a ventricle
may result in irreparable damage, inability to restart, and the death of the pa-
tient.

CONCLUSIONS

Within the short space of eleven years the technic of hypothermia has
evolved from an exciting, but tentative, concept into a widely accepted, usetful,
and safe modality. Its uses have neither been exhausted nor fully explored.

In the field of cardiovascular surgery the use of hypothermia alone without
the additional use of extracorporeal circulation is a satisfactory method for the
surgical therapy of secundum atrial septal defects, Trilogy of Fallot, isolated
pulmonary stenosis both valvular and infundibular, congenital aortic stenosis
and aortopulmonary window. It is a valuable adjunct to major cardiovascular
surgery of other types and this aspect of its use deserves wider attention.

The induction of moderate hypothermia requires only equipment available
in almost any hospital and is, therefore, readily applicable on a widespread
basis. The inclusion of an extracorporeal circuit with its complexities—meccha-
nical, electronic and administrative—widens the surgical scope of procedures
possible, but narrows the topographical applicability to larger centers with
substantial financial underwriting, good blood banking facilities and extensive
staff. Therefore, it would seem that the smaller centers should be encouraged
to develop the simpler technics of moderate hypothermia. However, no
center should embark on this type of surgery unless adequate diagnostic
facilities are readily available. A period of total inflow occlusion is not the
time to make the diagnosis. Moderate hypothermia appears to offer definite
advantages in many circumstances when combined with extracorporeal cir-
culation.

The potentialities of deep hypothermia have not yet been fully evaluated.



259, SWAN AND PATON

It appears that patients can be cooled to 10-15 C. and subjected to complete
cessation of respiration and circulation for prolonged periods with an acceptable
mortality. However, the mere ability to refrigerate patients does not, by it-
self, justify the use of this method unless it can be shown that distinct ad-
vantages accrue from this modality which are unobtainable by other means.
Such advantages as the immobility and bloodlessness of the operative field are
already apparent and, for this reason alone, deep hypothermia already has a
place in the cardiac surgeon’s armamentarium.
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