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GENERAL HYPOTHERMIA is being investigated as a means of reducing the
oxygen requirements of the body sufficiently to allow exclusion of the heart
from the circulation, thercby permitting intracardiac surgery under direct
vision.

During the last two years, an interdepartmental rescarch team has studied
oxygen transport and utilization in dogs at low body temperatures! and has
investigated the factors governing survival in hypothermia? A total of 176
dogs have been cooled. Continued improvement in our technic of cooling and
re-warming has made reduction of hody temperature to 20°C in dogs a rela-
tively safe procedure. However the minimal temperature with survival has
been 15°C. There are no ill effects from cooling to 20°C. Death at lower
temperatures is usually due to ventricular fibrillation, Below 28°C the
animal enters a state of “cold narcosis” in which an anesthetic agent is no
longer necessary to maintain unconsciousness and relaxation. At 20°C the
oxygen consumption, cardiac output, blood pressure and heart rate are about
15 per cent of normal. With the knowledge that hibernating mammals of
similar normal anatomy can survive hody temperature of 3°C,* we have been
encouraged to seck a method of reducing temperatures in dogs below the
present critical level.

COOLING WITH “‘ELECTROPHRENIC RESPIRATION"

The present method of cooling, using two blaukets containing coils with
circulating refrigerant®* has already heen described.’ 2 The animals are given
digoxin and procaine intravenously initially and hypothermia is then induced
with the aid of intravenous pentothal and curare to control shivering. About
half of the animals have heen heparinized with no recognizable effects on the

* Financed in part by the Defence Rescarch Board, Ottawa, Canada. Read before
the American Surgical Association, Colorado Springs, Colorado, April 20, 1050.
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cooling pattern. Venesection is used for abnormal increase in venous pres-
sure. Continuous cathode-ray clectrocardiograph visualization is used.*

Recently artificial respiration, necessary at lower body temperature, has
been carried out by the periodic stimulation of the exposed phrenic nerve, as
described recently! as the “electrophrenic respiration.” A stimulator} with
a rotating potentiometerf has been used as an electrical source. This device
delivers any type of electrical current in periodic bursts of desired duration
or frequency. The respiratory rate is varied simply by adjusting a dial.

This technic has been used 3o times. Continuous venous pressures from
the superior vena cava have been observed in cach experiment. Electrophrenic
respirations applied in the presence of a positive venous pressure have inva-
riably caused a reduction, and pressures helow zero em. of water have heen
maintained in nearly all animals.

One phrenic nerve only is stimulated. Optimum results are obtained when
the stimulating electrode is in contact with all roots of the nerve, at which
time an excellent respiratory excursion is obtaitied which easily maintains
full arterial oxygen saturation. In the dog which has normally a commun-
ication between pleural cavities these diaphragmatic movements are of no
value with the chest open. At such times positive pressure respirations are
instituted.

IXCLUSION OF THE HEART AND CARDIOTOMY

It has been possible at a body temperature of 20°C to exclude the heart
from the circulation for periods of 15 minutes with survival. In some of the
animals during the period of exclusion the heart has heen opened and then
sutured, o

Although further physiologic studies are in progress and methods of
cooling are being investigated which may allow reduction of the body tem-
perature with safety to below 20°C, it was decided to test our hypothesis by
operating at this temperature. Using sterile technic the fth rib is removed
and the chest opened. Bull dog clamps are applied to the superior and
inferior venae cavae and azygos vein. This prevents all bload from entering
the heart except that from the mouth of the coronary sinus, which is reduced
to a slow ooze because of the low arterial pressure.

No attempt has been made to carry out intracardiac procedures or inves-
tigate special exposures. The cardiotomy performed is a token operation.
Once the heart is excluded from the circulation, the pericardium is incised
and after surface application of cocaine the right auricle is opened with explor-
ation of right auricle and ventricle. Several technics have heen used to
attempt to climinate or minimize air embolism. Usually during closure of the
cardiac muscle the chambers are filled with heparin-saline solution. With
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1 National Research Council, Ottawa, Canada.
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completion of the cardiotomy the clamps are removed and the chest closed.
Re-warming is commenced immediately,

When the clamps are applied, the heart appears empty and the auricle no
longer fills in diastole. Its rate, reduced by hypothermia to 20 per minute,
usually increases four or five beats per minute. Incision into the auricle is well
tolerated and has never precipitated ventricular fibrillation,

In 39 dogs the heart has been excluded from the circulation in the manner
described for periods of 15 minutes or more at a hody temperature of 20°C.
On 23 of these a cardiotomy was performed. Nineteen, or 49 per cent of the

Fig, 1

A. Continuous cathode-ray electrocardiograph.

B. Electric stimulator,

. Thermometer.

D. Oxygen tank.

E. Aninmlc\\'rnppcd in cooling blankets containing coils of circulating refrigerant
at o°

F. Venous pressure .m(I blood pressure Manometers,

G. Diathermy re-warming cabinet (lower half).

H. Refrigerating machine.

@]

total, died either during the clamp-off period or during re-warming. Twerity,
or 51 per cent of the total (including 11 with ulr(hotom)) were revived to
normal hody temperature. * :

Of those dying in the cold state, five experienced cardiac standstill, while
the remaining 14 died from ventricular fibrillation. Six deaths occurred
during the clamp-off periad, six immediately after removing the clamps and
seven -during re-warming. Some of the deaths immediately after rentoval of
the clamps may have been caused by removing the clamps too rapidly, with

-533



BIGEL.OW, CALLAGHAN AND HOPPS Annals of Surgery

September, 1950

overfilling of the heart, Most of the deaths in the re-warming period occurreq
around 32°C, o

Of the 2o animals revived to normal body temperature and returned to
their cages, six survived the procedure completely. Of these, two were sacri-
ficed during the sccond week because of- gross wound infection and the
remaining four were used several weeks later for other cooling experiments,
After an initial period of leﬂmrgy and weakness, these animals resumed
-apparently normal activity within a few days.

The remaining 12 with good respiratory function and normal electro-
cardiograph tracings at normal body temperature developed a state of shock
which appeared in two to 12 hours. This was characterized by a progressive
fall in blood pressure with cyanosis. Observations of blood pressure and
venous -pressure, together with blood oxygen and hematocrit studies and
routine postmortem examinations, have not as yet given us a full understand-
ing of this shock state.

As a rough index of their tolerance to severe cold two dogs were cooled
to 20°C and were maintained at this temperature until death from ventricular
fibrillation, They lived 17 and 2o hours with a persistently good electro-
cardiographic tracing. Their total periods of hypothermia were 27 and 28
hours,

DEFIBRILLATION

" Qur early attempts at defibrillation have been reported.? In the present
series this has been attempted in ten experiments and has been suceessful
six times. Tn five of these cases spontancous heart bheat returned, but the
sixth remained in cardiac standstill. Those hearts with a weak ventricular
fibrillation did not respond, or responded poorly to defibrillation.

The defibrillating shock is delivered to the heart through nickel-plated
electrodes mounted upon an insulated handle after the method of Hooker,
et al.’ Beck and Mautz? using 50 to 120 volts, and frequencics of 25 to Go
cycles per second.

AN ARTIFICIAT PACEMAKER FOR CARDIAC STANDSTILI,

Medical men have liitle fear of temporary cessation of respiration and sue-
cessfully apply artificial respiration in several forms for prolonged periods.
With cvidence that many hearts, including those in the hypothermic state,
which have ceased beating still have the power to contract following mechan-
ical stimulation,” it seemed reasonable to consider the use of an artificial pace-
maker .to restore heart function. It was felt that, using the principle of
electrophrenic respiration, periodic electrical stimulation of S-A nodal area
might restore the beat. This could conceivably he carried out for prolonged
‘periods until the organism had been restored to'a state where spontancous
normal heart action was regained, As yet no report of a similar technic used
in the intact animal has been found in the literature,
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This is a very carly report of such a procedure which has been attempted
recently in four cases of cardiac standstill, in each case with restoration of
heart action. The stimulator, with rotating potentiometer, has been used to
deliver impulses at any desired rate. An indifferent electrode is clipped onto
the chest wall and the stimulating electrode placed in the region of the S-A
node. Normal appearing heart action is observed and the heart rate is varied
within limits by adjusting a dial.

In two experiments the artificial pacemaker was used for ten to 15 minutes,
and when it was discontinued the heart returned to standstill. In the other
two animals following electrical control of the heart heat for ten and 3o
minutes, normal spontaneous heart heats returned.

In one of these following cardiotomy at 20°C the heart was sutured and
clamps removed. Ten minutes later in the presence of good vigorous heart
action and normal venous pressure, ventricular fibrillation set in. The heart
was defibrillated by the technic described, producing cardiac standstill. Elec-
trical stimulation of the S-A nodal arca was then carried out for ten minutes,
testing effect of withdrawal of this at intervals until spontancous heart action
was restored. The chest was closed and the dog re-warmed to normal body
temperature, only to die several hours later.

Defibrillation following cardiac massage has been used to revive animals®
and human beings,® aud we have used cardiac massage for periods up to ten
minutes, with return of normal heart action and revival. However, the pos-
sible advantages in hypothermia where the stimulating wire could he left in
place during closure of chest and re-warming are obvious. Should such a
technic prove worthwhile, its extension to other clinical conditions with
cardiac arrest might be considered.

RADIO-FREQUENCY REWARMING

Radio-frequency re-warming has heen used successfully on hypothermic
animals. Until recently, re-warming has been carried out by inmmersion of the
animal in a water bath at a temperature of 4o°C. Such a technic, although
successful, has the theoretical disadvantage of re-warming superficial struc-
tures before the heart and blood stream. It was considered to have several
unsatisfactory features, should hypothermia ever come to be applied to surgery
on human beings, : .

Since 1900, short wave diathermy has heen used extensively to study the
production of hyperthermia from normal body temperature.® More recently,
microwave diathermy has been used in similar investigations.’® No reference
has been found to their use in deep hypothermia. In our re-warming experi-
ments, ordinary microwave and short wave capacitive heating diathermy
technics were found unsatisfactory, due cither to localized or inadequate gen-
eral heating, or to electrode hurns. Further investigation indicated that induc-
tive heating was a preferable technic, providing greater facility of application,
reduced danger of superficial burning, and more generalized heating. In this
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type of heating, eddy currents are set up in the tissue within the influence of
the electro-magnetic field of the induction coils. The heating action is caused
by the conversion of the eddy currents to heat within the tissues. Since the
vascular tissues produce a greater concentration of eddy currents our coils
were arranged so as to parallel the main blood vessels, thus enhancing heat
distribution throughout the body.

No optimum frequency was fourdl within the usual short wave diathermy
range. The rate of re-warming at 27 mc and 13 me was about the same. How-
ever, at the lower frequency, the danger of coil burns was reduced.

A shielded radio- frequency heating cabinet was constructed along the lines
of a conventional hyperthemia cabinet, with supplementary air heating to
minimize heat losses by conduction. With this cabinet nine animals have heen
re-warmed and all successfully returned from an initial 15° t0'20°C to normal
body temperature. The rate of re-warming has varied between 3°C and 13°C
per hour as a result of variation in experimental technic. The first two,
imperfectly insulated, suffered extensive superficial burns, two others had a
local reaction about the metal electrocardiographic electrodes, and five were
free of any apparent ill effects.

At the present time a frequency of 14 megacycles is under study with
induction coil-type applicators. This method is simpler than water immer-
sion and allows casier access to the animal. Tt is felt that a satisfactory and
safe technic is being developed, although an assessment of possible late ill
effects is not yet possible.

DISCUSSION

At normal body temperature of 38°C a dog will survive exclusion of its
heart from the circulation from five to nine minutes.!' Although the final
survival rate of 15 per cent in this study following 15 minute exclusion of the
heart at low hody temperature is not very impressive, 85 per cent survived the
actual clamp-off period. This suggests that our basic hypothesis may be
correct.

With a greater knowledge of the physiology of hypothermia it may he pos-
sible to endow non-hibernating mammals with the ability to survive even lower
temperatures than those tolerated thus far. Temperatures below 20°C would
further reduce the tissue oxygen requirements and would conceivably increase
the length of time an animal could tolerate interruption of its circulation,
Should deep hypothermia be developed as a safe surgical technic, it might be
expected to extend the scope of surgery in other fields.

Reference has already heen made? to the many problems that must be
solved to undérstand even the elementary changes in hypothermia. One is
encouraged in this study, however, by our knowledge of the tolerance to cold
exhibited by hibernating animals and the rcports of human survival from
temperatures as low as 25°C.
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SUMMARY

1. Tt has been possible to exclude the heart from the circulation for
periods of 15 minutes in dogs at a body temperature of 20°C with survival.
In most of these animals during the period of exclusion the heart has heen
opened and then sutured. This procedure is attended by a high mortality and
the cause of death is not clearly understood.

2. Periodic electrical stimulation of the phrenic nerve has been used as a
form of artificial respiration during the period of respiratory depression in the
lower temperature range.

3. Electrical defibrillation of the heart lias been practiced.

4. An artificial pacemaker in the form of periodic clectrical stimulation of
the S A node area of the heart has successfully restored heart action in cardiac
standstill in the cold state.

5. Radio frequency re-warming procedures have been studied.

We would like to acknowledge the valuable technical assistance of
Mr. Donald Hughes.
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Discusston.—Dr. WiLriam L. Riker: We have enjoyed this paper very much,
and wish to present some of the clinical applications of hypothermia, For the past two
vears at the Children’s Memorial Hospital in Chicago, we have been interested in re-
ducing the temperature of patients undergoing major surgical procedures, for two
reasons. In the first place, we want to control hyperpyrexia. In more than a hundred
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unselected major surgical procedures the temperatures were recorded, and it was
found that in Go per cent of the patients the rectal temperature went over 100 degrees,
In 20 per cent of the patients the rectal temperature exceeded 102 degrees, In some
patients the rectal temperature went up exceedingly high. We had two fatalities at.
tributed to hyperpyrexia before we began the cooling procedure.

In the second place, we felt that in the cyanotic cardiac cases, hyperthermia during
operation with increase in oxygen requirement, might be disastrous, while hypothermia,
on the other hand, would lower the oxygen requirement and reduce our operative
risks. *,

[Slide] This shows the apparatus that has been.uscd. It has been simplified some-
what recently. On the right we see an oven with a constant temperature, in which
one thermocouple is kept. Here ds anothei thermocouple which is inserted in the
rectum. In the operating room there is a galvanometer which allows us to read off
the rectal temperature at any time during the operation.

Here we have a water mattress, which may be filled with either cold water or
warm water, and can be emptied whenever we want to change the temperatures,

In applying the cooling system in the cases of non-cyanotic patients, we have at-
tempted only to keep the rectal temperature as near normal as is possible. We have
used the cooling system only in those cases in which the temperatures rose above normal,
In none of the patients, since we have been using the cooling system, has the temperature
gone over 102 degrees rectally, even in the hottest part of the season in Chicago.

In the cyanotic group we have attempted to keep the patient's temperature below
normal, down to 96 degrees Fahrenheit if it is at all possible. In the extremely poor
risks we have c¢ven lowered the rectal temperature to 93 degrees Fahrenheit.

As to results, out of 109 cases that were not cooled (before we had the system
weTare now using) eight patients developed signs of severe anoxia, Four of these pa-
tients died from anoxia. Since we have been cooling the patients, only three of the
128 cyanotic heart cases operated upon have shown any degree of severe anoxia. There
were only two deaths attributable to anoxia. We therefore feel that in the cyanotic
cardiac cases if you can prodice a hypothermia during surgical procedures it gives a
much smoother anesthesia, the operative course is much ecasier, and it decreases the
cvidence of severe anoxia and mortality postoperatively.

Dr. Warrien M. Firor: An interesting corollary to this whale subject is an
observation and experiment that was carried out in the tissue culture laboratory of
the Department of Surgery at Johns Hopkins.

Until three years ago it was thought that the maintenance of a temperature of
approximately 37° C. was cssential to the viability of mammalian cells in tissue culture.
It was shown, however, by Gey that onc can maintain a varicty of manumalian tisstes
in a viable state for periods of six weeks at a temperature as low as 28 degrees centi-
grade,

Certain basic biologic phenomena can be studicd under this experiment. It has been
observed that cell division continues at the reduced temperature, and that the process
of cell growth appears to be altered, because in many instances innumerable giant cells
appeared in the cultures,

The morphology of these cells did not in any way simulate the alteration of a
benign to a malignant cell, but, nevertheless, this offers one tool for understanding some-
thing of the growth process of mammalian tissue.

Dr. Cragence Dexxis: With considerable misgivings, Mr. Chairman, in the
presence of pioncers like Dr. Crafoord and Dr. Bjork and Dr. Gibbon, I feel this is
the proper time to say a little bit about the experimental work that our group has been
doing iit the lahoratory at Minnesota. Our group includes also Dr. R, M. Nelson, Dr.
W.' P, Eder and Dr. K. E. Karlson.
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The primary reason for getting up to say anything secems to me to be the observa-
tions by Dr Bigelow and his associates, in their excellent study, of the death of ahout
two-thirds of the animals who apparently had recovered at the time of return o no:mal
temperature. This is one of our major problems as well.

With the apparatus which we are using at the present time, which consists of a
modification of Gibbon's apparatus and a cousiderable modification of that of Crafoord
and Bjork, we have found that we can carry on oxygenation satisfactory to carry an
extra corporeal cardiac and pulmonary circulation for a period of -half an hour in a
dog of 70 pounds. We are able to pump about 2800 cc. of blood per minute, with a
«aturation of over go per cent, for periods of about one-half hour. \We can mtroducc
about 200 ce. of oxygen per minute.

We have been successful in opening the right ventricle of the heart, closing the
ventricle, carrying the dog for half an hour on the machine, and having the dog recover.

The longest period we have carried our dogs is a little over an hour, but that dog
.id not recover.,

Hemorrhage is no longer a problent. Foaming seems no longer to be a problem.
Our chief problem seems to be the late death, such as Dr. Bigelow has observed.

It occurred to us that the rise in the blood sugar level, which is consistently seen
during this profusion, and the drop in the blood pH which occurs in spite of the main-
tenance of the normal partial pressure of carbon dioxide, and good oxygenation, should
suggest that there is something wrong with the intermediary metabolism of carbohy-
drate. W¢ have started out by working on some of these enzymes, with the cytochromes
in particular. We find that there is an increase in the concentration of pyruyic acid
and of lactic acid in the hlood during the course of these profusions, and, furthermore,
that in some of these animals the pyruvic acid and lactic acid level can be returned,
not to, but toward, normal, by the continuous infusion of cytochrome or cytochrome
oxydase into the circulating blood in the machine,

Of interest, however, is the late death of these animals. Normal pyruvic acid lcvcls
run ahout 1 mg. per 100 cc. At the end of the profusion we are usually under 2 mg.
per 100 cc. The dogs begin to recover, and begin to whing, maybe moving around, and
occasionally one has been up and around, and on drawing specimens of blood for
various studies at varying periods of time afterward, we have found some dogs that
have gone five or six hours when some sort of poorly understood compensation breaks,
and the pyruvic acid goes to very high levels. Our highest has been 8 mg. per 100 cc.
That dog dicd shortly afterward. The mechanism of this is under study: we have no
explanation for it.

Dr. W. G. Bigerow (in closing) : 1 was very interested in what Dr. Frior said
about tissue cultures. We are starting a similar study. His observations concerning cell
division at 28° C. are very interesting. T do not know whether our delayed shock is
the same problem that Dr. Dennis had in his extra corporeal circulation studies. We
deal with other factors, such as hypothermia and an interrupted circulation, but his
references to pH are interesting.

Our professor of pathologic chemistry, Dr. J. Dauphince, and Dr. R. Fleming,
have been working on a biochemical study. They have gone away past my comprechension
now, but they do not seem to have come up with all the answers as yet.

These animals develop an acidosis with a pH down to 6.6. Tt would appear to be
prmcnp'llly a gascous acidosis. In the hypothermic state one is dealing with variations
in solubility as well as availability of gases in the blood, together with fluid and electro-
Iyte shifts. Thus it is a complex study.

I would like to thank the discussers and also thank the society for the privilege
of presenting this paper.
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