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ABSTRACT

The investigation presented concermed applications of experi-
=me@@a1 and clinical hypothermia. The techniques and apparatus
commonly utilized for its production have been reviewed and are
described, both as regards to surface and extra-gﬁﬁporeal 0001~
ting., The heat transfer phenomenon has been examined both from
the physiological and engineering standpoint.

To enable the transient state of heat transfer to be studied
and to provide another means of predicting the after-fall inev-
titable with surface cooling, the concept of an isothermic body,
having little or no temperature gradient, is considered.

A study has been made on a large number of dogs in collabor-
tsation with the Department of Anasesthetics, Royal Infirmary,
Glasgow, %o investigate the effects of hypothermia on the circu-
tlatory system. Thirty~one cases are reported here for the
purposes of hypothermic cabinet calibration; for pre-determin-
sation of the total heat extraction of the animal and for the
study of temperature gradients across the muscles of the hind
legs during the cooling process. In the experiments the For-
trester-Brown (1961) technique of air cooling wsse employed, the
cooling cabinet being part of the operating table for the ani-
tmels., In all cases the desired tempersture level of the oeso-

sphagus was 30°C. The average rate of cooling employed was

4.2‘C/hr which fulfilled the experimental requirements.

N



The analytical techniques of Forrester and Brown were extended
to evaluate the specific heat of the perfused and intact animal
and to assess the heat extracticn patitern with and without meta-
thbolic heat generation of the experimental animal.

The predictive results of the after-fall of the oesophageal
témperature in all the experiments carried out showed an average
error of less than 1% with dogs of body weights ranging from
8.7-37 kg and of various breed.

Muscle temperature gradients have been gtudied in eleven dogs
subjected to hypothermia. After the active cooling process,
during the period of stabilization, negative temperature grad-
tients were experienced in six animals,

The random variations of the heat transfer coefficient from
skin to air suggested no consistency in the pattern. However,
the very oconsistently gradual decrease of the thermal conducti~
:vity of the muscle with oesophageal temperature indicated the
necessity for less and less heat extraction from the dog to
maintain heat balance as hypothermia progressed.

The above work i1s presented in the thesls in Sections I-VI,
treating respectively s review of hypothermic techniques; the
heat transfer phenomenon in vivo; the experimental programme,
the description of apparatus; pilot tests and the experimental
procedures. The theoretical and experimental findings are dis-

scussed in Section VII followed by a summary re-statement of



the conclusion in Section VIII, The thegis terminates with a
bibliography and appendices, the latter presenting certain an-

tcilliary and caleulations in detail.
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ABSTRACGCT

The investigation presented concerns applications of experi-
tmental and clinical hypothermia. The techniques and apparatus
commonly utilized for its production have been reviewed and are
described;iboth a8 regards to surface and exira~corporeal cool-
¢ing. The heat transfer phenomenon has been examined both from
the physiological and engineering standpoint.

To enable the transient state of heat transfer to be studied
and to provide another means of predicting the after-fall inev-
sitable with surface cooling, the concept of an isothermic body,
having lititle or no temperature gradient, is considered.

A study has been made on a large number of dogs in collabor-
tsation with the Department of Anaesthetio; Roysl Infirmary, Gla~ 5/
t8gow, to investigate the effects of hypothermia on the circu-
slatory system., Thirity-one cases are reporited here for the
purposes of hypothermic cabinet calibration; for pre-determin-
tation of the total heat extraction of the animal and for the
gfudy of temperature gradients across the muscles of the hind
legs during the cooling process. In the experiments the ¥orr-
sester-Brown (1961) techniqué of air cooling was employed, the
cooling cabinet being part of the operating table for the ani-
smals. In all cases the desired temperature level of the oeso-
s phagus was.3O'C° The average réte of cooling employed was

4.2'C/hr which fulfilled the experimental requirements.



The analytical tvechniques of Forrester and Brown were extended
to evaluate the specific heat of the perfused and intvact animal
and to assess the heat extraction pattern with and without meta-
tbolic heat generation of the experimental animal.

The pre&iotive resulﬁé of the after-fall of the oesophageal
temperature in all the experiments carried out showed an average

error of less than 1% with dogs of body weights ranging from

8.7-37 kg and of various brqe&{

Muscle tempersature gradients have been studied in eleven dogs
subjected to hypothermia. After the active cooling process,
during the period of stabilization, negative temperature grad-
sients were experienced in six animsls.

The randon variastions of the heat transfer coefficient from
skin to air suggested no consistency in the pattern. However,
the very consgistently gradusl decrease ¢f the thermal conducti-
ivity of the muscle wigh oesophageal temperature indicated the
necessity for less and less heat extraction from the dog to
maintain heat balance as hypothernla progressed.

The above work is preseanted in the thesis in Seotions I-VI,
treating respectively a review of hypothermic ilechnigues; the
heat transfer phenomenon in vivo; the experimental programme,
the description of apparatus; pilot tests and the experimental

procedures. The theorvetical and experimental findings are dige-

scussed in Section VII followed by & summary re-statement of

ey



the conclusion in Section VIII. The thesis terminates with a
bibliography and appendices, the latter presenting certain an-

treillary and ﬁalculations in detail.
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NOTATION

tempersture in general
effective ambient temperature °C

instantaneous temperature at a radius r from the axis
of the nth element

arterial blood temperature entering the capillary beds
of the nth element ’

rise in temperature of cold air °C

rise in temperature of air (cebinet empty) °C
surface temperature of subject °C

inner temperature of subject 'C

(= t - t,) temperature difference

distance from the'axis of the nth element
radius of nth element

outer radius of c¢ylinder m

inner radius of cylinder m

time

finite increment of time intervals

product of specific heat and density of blood
mean specific heat of dog (perfused) or subject (C)
specific heat of coolant

mean density of dog or subject

volumetric flow rate of hlood in capillary beds
rate of heat flow per unit area kqal/mQ/hr

rate of metabolic heat production in the nth element .



oW oo o

jani
o

thermal conductance or surface heat transfer coefficient
keal/m2/hr/°C

thermal oconductivity of museles keal/m/hr/°C

rate of flow of c¢oolant

_bodj woight of subject kg

effective mean surface arcs mo
actual surface area (= 0,112 x W 2/3, Benedict 1938) n?

hypothermic cabinet coefficient, for calibration at 5-
minute intervals

instantaneous temperature depression of dog ‘C
total temperature depression of dog °C ~

heat extraction rate of animal (= HW) kcal/nr

heat extraction rate of animel per unit weight kcal/hr/kg’

metabolic heat production rate of animal (modified from
Keller) kcal/hr/kg

heat extraction of ‘dog with metabolic heat production
rate ceased kcal/hr/kg :



Aiy Tlow Measurements

h
v
5
£

[

P

=

<2
I

- water gauge column in

mean velocity of air f£t/seo
reiative density of air

density of air 1b-sec?/ft4
atmospheric pressure mm Hg
atmospheric temperasture absclute
pressure at S.T.P. (= 760) mm Hg
temperature at 5.T.P. (273+15.3) absolute
number of apertures

width of each apsrture (= 2r) in
length of each aperture in

area of each aperture 102

total area of ali‘apertures £42

mass flow of air kg/sec

specific heat of air at constant pressure (= (.2397
at -10°C)

volume flow nafe of air fts/sec

conversion factor of flow-meter of pitot~static tube

‘ (::: 0.05) . : R :



INTRODUCTTIORN

Hypothermis, although its definition varies, is perhaps best
defined as the deliberate reduction below normel of body temp-
serature, | It is accomplished by a refrigeration technique of
surface coéling, blood-stream cooling and cooling of bhody cav-
sities,

It is used to reduce the oxygen requirements of the tissues,
in particular the brain. This facilitates the performance of
certain surgical procedures during which the circulation may
be interrupted for a limited length of time (Forresfer, 1963).

The first recorded therapeutic use of hypothermia was by the
Liverpool physician James Currie in 1798 who'studied the effects
of cold and warm water on febrile patients.' In 1940 Smith and
Fay used hypothermia in patients suffering from carcinomata in
an attempt to induce regression of the tumours,

The advantages of using hypothermia in cardiac surgery were
demonstrated experimentally by Bigelow and his associates (1950a)
and the clinical application of the method was rapid aﬁd widew

spread.



CLASSIFICATTION oF HYPOTHERMIA

The body 1s a heat exchange mechanism with a sensitive regu-

:lating control. Cooling or heating can occur only when this

control isiadequately depressed., The problem of cooling iz esw
sentielly twofold: (1) creating an external cold enviromment 1o
inerease loss of heat and (2) disrupting the mechanism which
~tends {0 maintain normal body temperature. The carrier of heatl
is blood. It 1s the same whether the blood remains within the
body or.is brought to the outside and passed through some arti-
sTicial device. The warm blood must be cooled before hypother-
smia can be achieved., The great variety of techniques are ess-
sentially governed by this gingle factor.

In attempting %o classify various methods, somewhat arbitr-
sary definitions of different types of hypothermia have been
employed. Whole body hypothermia, in which the primary aim of
the procedure has been a gimultaneous reduction in the tempera-
sture of all the body tissues, has been differentiated from lo-
scal or regilonel hypothermia in which the primary aim of the
procedure is to lower the temperature of a specific region or
organ system(s) even though sécond%}ly there may have been a

reduction in the temperatures of other regions of the body.

GENERAY, HYPOTHERMIA

' The reduction of body temperature to about 30°C is termed

s

}



moderate hypothermia. This temperature is usually measured in
the rectum or the oesophagus, the patient is cooled by surface
cooling or blood-stream coocling. The heart itself acts as the
perfusing pump and the reduction of the total body temperature
‘results frém perfusion of the viscera by hlood which has been
cooled by passing through capillaries of {the skin., Many para-
stmeters have been studied with the final conclusion that mod-
serate hypothermia would permit safe circulatory arrest for eb-
soﬁt 6-10 minutes (Porrester, 1963), Below this temperature,
cardiac output is greatly reduced, and ventricular fibrillat-
sion is apt to occur, imposing a serious limitation to the safe
period of cessation of circulation. The clinical application
of this technique for intraucardiaé surgery was first performed
by Lewis (1953), who repo:ﬁed the first suocessful closure of
an atrial septal defect using open cardiotomy. This was soon
followed by reports of many workers on large series of cases

(Swan et al, 19533 Dundee et al, 1953%; Williams & Spencer, 1958).

SURFACE COOLING

The objective of surface cooling is to lower the temperature
of the external envircnment adjacent to the skin of the body so
that the blood coming to the surface will release its heatb.
Then returning into the depths of the body, it plcks up.heat

from the core, veturning to the surface, gives off the heat,



then flows back to the core, then $o the surface and 8o on.
This is a slow process, but the technique is well establisghed,
simple to achieve, and by far the most desirable in general
surgical problems. It is used more than blood-stream cooling
or any of i;s modifications.

Since true homeotherms do not survive profound hypothermia
readily, the major effort, particularly with regard to human
subjects, has been directed towards the production of moderate
hypothermia, the methods employed have most often been immers-
sion in ice water, packing in ice, or the use of blankets thr-
sough which a refrigerant is circulated. Some attempt has been

made to utilize. ¢old air as a way of producing surface cooling.

Water Tmnmersion

The procedure of immersing the subject in water at or near
4°C has been the most widely used technique of inducing hypo-
sthermia (Swan et al, 1955; Covino et al, 19543 Fisher et al,
19553 Blair et al, 1956; Hagnauer et &l, 1960). It consisis
simply of partially filling a %ub with water and crushed ice
and immersing the subject. Cooling occuxs more rapidly than
with other methods of surface cooling becausé the largest eff-
sective surface area of the body ig in direct contact with the
cold environment. Other advantages of water immersion are that

the necessary equipment is simple, easily available, and inex-



spensive. Disadvantages for induction of hypothermia in humany 5}
are that the method is ¢umbersome and a degree of discomfort in

_ﬁadult, requiring that the patient be moved to the operating ta-
sble in the event of ventricular fibrillation, theredy delaying
the time Wﬁen.resusoitation can be instituted. The disadvant-

tages are not as serious in experimental hypothermia in animals

where this method has been used successfully for many years.

Tece

e c——

This method of cooling has been used by a nunber of investi-
sgators in both elinical (Collins et al, 1953%: Gray, 1955;
Burrows et al, 1956) and experimental (Stupfel & Severinghaus,
1956) hypothermia. OCrushed ice, either loose or in bagi is app—
slied to the surface of the body, particularly in the region of
the left side of the chest, thereby cooling the tissue in con-
stact with large blood vessels. The method is simple and pro-
tvides a falrly rapid rate of cooling. IV has the c¢linical ad-
svantage of allowing the operation to commence before the desived
temperature level ig wesched,; and, thersefore, of allowing for
immediate application of resuscitation procedures should any un-
stoward envents occur. The principsl disadvantage of this tech-

snique is the danger of tissue damage and therefore, freguently

changing of the position of the ice bags has been recomménded.



Blanket

This consists of wrapping experimental animals or patients
in two rubber blankets conteining coils through which is clir-
tculated cgld water or a refrigerant. The apparatus, though
expensive cbmpared to the equipment needed for cooling by wait-
sey immersion or»ioe, has many advantages. First is the gread
degree of control over the body temperature that it affords.

It is possible to adjust the index temperature of dogs to with-
sin a fraction of a degree of a desired level and to maintain
this level quite constant (Spurr & Barlow, 1959; Spurr et al,
1959). Another advantage is the ability to rewarm simply by g
heating the circulating fiuid, although if care is not exerciséd
surface burns may be produced. The principel disadvantage of
the technigue is the slow rate of cooling. Even though the
temperature of the circulating fluid and of the blankets may

be as low as -5°C, the effective area of contact with the body
surface is relatively small. Despite the slower cooling rate,
this method has been preferred by many workers in the clinical

application of hypothermia (Fay, 19403 Scurr, 1954, Waddell,

1957). ' |

Air

The use of cold air as a method of producing hypothermia has
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not been widespread either experimentally or blinically, although
it is possible to employ cold air in both these situations. The
experimental use of zir as a method of coolipg dogs was demonst-
srated by Bigelow et al (1950), and Spurc et al (1954). Air
cooling h&s?been utilized clinically by Cookson (19%2), Adams-
Ray (195%), Bailey & associates (1954), Biorck et al (1954),
Hazger et al (1956), Lundberg & Nielsen (1955) and Forrester
(1958). The cooling rabe is élow and, at least with the earl-
:ier use of the technique, it has been stated that frostbite is
likely to occur in the digits and unprotected parts of the body.
However, this does not seem to have prevented that continued

use of this method.

INTERNAL COOLING

Internal ccoling, in contrast to surface cooling, is a tech-
ctnique which by-passes the bhody's shivering and vaso~consixvict-
¢ion defence mechanism against cold. Khalil (1958) desoribed
an intra-gastric water balloon apparatus for internal cooling,
Haman patienis had heen cooled to a temperature range of 29 to
32'C with this device. This method had been employed by the
worker experimentally and clinically, although the rate of cool~
ting is slow. Wangensteen (1958) used localized cooling of the
stomach to control upper gastro-intestinai bleeding. Jaeger

{1955) has produced hypothermia in doge by introducing an inlet

et



catheter into the left flank and an out flow drain in the right
lower quadrant and circulating cold saline through the periton-

seal cavity.

BLOOD-STREAM COOLING

Blood~stream cooling was first decribed by Boerems et al
(1951) and by Delorme (1952), wsing an arterio-venous cooling
technigue (Fig. 1), and later Ross (1954) introduced a further
development in the form of veno-vencus cooling (Fig. 2) which
he has successfully used for a large series of cardiac surgical
cases {Brock & Ross, 195%, Ross, 1959). The basis of these
techniques is that bloed is removed from the body, passed thre
iough a cooling system (usually a coil) and returned again to
the body in the cooled state.

From the experimental point of view, arterio-venous cooling
is very simple to set up and easy to comtrol, both in cooling
and rewarming, and has the great advantage that the experimental
gubject does not need to be immersed in water or ice, and the
necessary procedures to record other physiological wvariables
can be more conveniently carried out. At its simplest, as
shown by Delorms, blood can be xemoved by caﬁnula#}ng the fem-
toral artery, and the systemic pressuie is sufficient to drive
the hleod thréugh the cooling coil and back by another cannula

into a suitsable vein.
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HEAT
EXCHANG ER
Pig: 1 Course of blood flow in arterio-venous

cooling. Cannulae in superficial femoral artery
and saphenous vein.

V\J/
PUMP =5 : \

—
—

HEAT s
EXCHANGER

L :

Fig. 2 Course of blood flow in veno=-venous
cooling. Cannulae in superior and inferior
venae cavae.
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The principle of veno-venous cooling is that dblood ie sucked
from a vein (usually ithe superior vena cava) by a hand-driven
punp to the cooling coil and is then returned cooled to another
vein {the inferior vena cava), where it mixes with other venous
blood and tﬁen passes on through the heart and out to the body.
This method has its main application in thoracic surgery in
cases in which the chest is opened, and its advantage is that
it avoids arterisl cannulation.,

The problem associated with whole body perfusion at hypoth-
ternia remains numerous and complex. The comﬁination of deep
hypothernia, thait is, below 20°C, and extra-corporeal circulat-
sion logically permits safe perfusion st greatly reduced flow
rates. This technigue is the most direct, the most efficient
and one to be reserved for the most rigidly controlled circume
sstances., Its effectivene;s rests with the employment of highly
efficient heat exchanger system. Oxygenation is achieved either
by lungs (Drew techmique, Fig. 3) or by pump_o%éenator systen
(Ffig. 4). The rate of cooling depsnds upon (1) the size of the
patient, (2) the temperature of the coclant in the heat exchanger
and (3) the rate of perfusion. Of these three factors, the most
important is the rate of perfuéion.

Hypothermia alone has not offered more than & small increase
in ac¢cess to ﬁhe'interior of the heart and it is the development

of the heart-lung machine that has most advanced intra-cardiac
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CANNULA INTO
PULMONARY ARTERY

LUNGS

LEFT AURICLE

RIGHT
AVRICLE
A —— 40r74
RIGHT
VENTRICLE — LEFT
VENTRICLE
RIGHT % — LEFT /\ﬁ
RESERVOIR RESERVO/R

CANNULA INTO
FEMORAL ARTERY

PUMP ( _
N2 ]
4 |
PUMP HEAT EXCHANGER
Ea- -3 Flow circuit for profound hypothermia by Drew,
using patient's own lungs for oxygenation.
PATIENT
\ svssic
| owrier
1
OXYGEN /
FILTER
/
OXYGENATOR HEAT EXCHANGER
b —

OXVGENATOR

PUMP
MOTOR

Fig. 4 Line diagram of oxygenator pump unit.



surgery. it is perhaps difficult to decide the beginning of
this development, but it is generally accepted that the ploneer
work is that of J.H. Gibbon, Jr. in Philadelphia in 1937.

Gollan et al (1952, 1954a, 1954b, 1955%) used & small gas dis-
spersion ox&genator incorporating an extra-corporeal blood heat
exchanger to reduce the body temperature of dogs to very low
levels. He was able tohfhﬁﬁi? surviving dogs after one hour of
cardiac arrest when body temperatures were reduced to 0°C., He
maintained a low body perfusion during the period of cardiac
arrest. He later reported survivals in dogs after left heart
cperatlons during complete circulatory arrest at hody tempera-
sture below 10°C. Brown et al (19%8a, l958b) reported the suc-
:cessfui experimental use of an efficient blecod heat exchanger
for rapid body cooling and rewarning. Blooﬁ.was passed through
many small bBore tubes surr;unded by a water jacket. The extra-
corporeal blood heat exchanger was combined with a low-flow gas
dispersion pump oxygenator and employed c¢linically by Sealy
(1957, 1958).

During the same period, another new and promising approach
to the production and reversal of profound hypothermia wag de=-
sveloped. Drew et al (1959) reported the experimental product-
sdon of deep hypothermia below 20°C in dogs. He placed s large

cannula into the right atrium and allowed it to drain into a

reservoir. The blood was pumped from this reservoir into the
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pulmonary artery. 4n identical circuit was used to bypass the
left ventriocle, except that on the left side he incorporated a
blood heat exchanger and a filter and bubble trap. He reported
the first c%inical application of his technique in seven human%
in which théibody temperature was reduced below 15°C and total
circulatory arrest up to 42 minutes was employed. More recently
the results of thé operative correction in 90 patients with con-
tgenital and acquired heart disease has been reported. Other
workers (Bjork et al, 1960; Gordon et al, 1960b) are employing
the Drew technique with increasing frequency, which, while using
the patient's own lungs to oxygenate the blood, has the advani-
tage of pimplicity and avoids the potential dangefs associated
with mechanical equipment.

~.

- REGIONAL HYPOTHERMIA

Regional cooling of tissue involving all the cells of the
- tlssue rather than just the nexrve cells was used by Baron Larrey
during Napoleon's retreat from Moscow in 1918, producing regionsal
analgesla in amputations of limbs. In 1867 Richardson used an
ether spray to produce localized analgesia (Lee, 1953).

Selective cooling of the leg has, of course, been used on many
occasions prior to amputation of exitremity but the aim here has
been partly to.reduce the temperature to a level at which the

nerves no longer conduct impulses and parily to reduce metabolic

-



akgorption from the gangrenous area. Crossman et al (1942) pN=T
sported 45 such cases which were followed by no thrombosis and
no emboli. Mortality was strikingly reduced in these operat-
tiong, which were done before the introduction of antiblotic
agants. 'L

One of £he greatest contributions of hypothermia as applied
to surgery to-déy is in the protecticon it offers to the brain
during arrest of the circulation while its chief drawback is in
the tendenéy of the heart to fibrillate at temperatures below
28°C (Forrester, 1963). The danger of anoxic brain damage lim-
:its the operating time within the heart to about ten ninutes,
and it follows that a selective cooling of {the brain to low
temperature without cooling the heart should prolong the safe
period of permissible brain ischaemia and hence the period of
intra~cardiac and neuroldéical surgery available.

Selective cooling of the brain can he achieved by interpos-
ting a cooling ceil in the carotid artery and this was the tech-~
snique employed by Kimoto et al (1956, Fig.%5). However, cooling
of the brain alone does nothing to protect the metabolizing
heart, which may suffer ischaemia particularly 4o 1ts conduct-
s1dng mechanism. A more impor%ant consideration than the sus-
 sceptibility of the myocardium is the vulnerability of the sp-
sinal cord, other nerves, liver and kidney, so fhat it is %ﬁ}

spractical and frobably dangerous to effect & true selective
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50 N
15 °c
PUMP
V2
b Z' _; COOLANT
35 / = 5k
35C —————f—
Fig. 5 Selective cooling. A cooling coil
interposed in the carotid artery produces
cooling of the cerebral tissues.
. A
R e 3 <:E¥ PUMP
30°c (= %#
0 _‘T— COOLANT
=
Jo°c —- et o
n
32°5¢ e e
Fig. 6 Differential cooling. A proportion of

the left atrial blood is directed into the aortic
arch in the region of the cerebral vessels.



gooling of the brain alone, with arrest of the circulation for
more than eight to ten minutes. After this time the effect of
ischaemia will probably be to cause irreversible changes in
these tissues. On the other hand, differential cooling can be
uged 1o afférd some measure of hypothermic protection to the
rest of the body. By differential cooling is meant a mild, gen-
seral body cooling to say, 350-32°C at which stage ischaemic tis-
tsue is not likely to be a problem and ventricular fibrillation
will not occur, with a dififerential reduction of the brain to
say, 15-20°C (Fig. 6). TUnder these conditions periods of the
circulatory arrest of thirty miautes or longer may be possible.

This technique was, in fact, employed by Parkins et al (1954).

To sum up, hypothermia applied locally, applied to an iscl-
tated tissue, or applied tg.the entire body can produce anglgesia.
With the observation that body temperatures of below 28°C is asso-
sciated with a marked increase in the incidence of ventricular
fibrillation, the use of hypothermia has developed along several
lines. In clinlcal applications, this has resolved first into
use of moderate whole body temperatures of around 30°C, where
the danger of fibrillation is iess. However, because of the re-

tlatively short time the circulation can be arrested at this le~

1vel, its use . (in cardiac surgery at least) has been restricted

to the simplex operative procedures, The methods utilized in
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producing this level of hypothermia have most often been surface
cooling. With the necessity for performing more complicated sur-
sgical procedures requiring longer periods of circulatory intex~
sruption, clinical investigators have developed various techni-
:ques for tﬁé,perfusion of the vital organs with oxygenated blood
by means of extra~corporegl circulaiory systemg. These technigues
have permitted not only longer periods of circulatory arrest, but
also lower body temperatures. Some groups have commonly performed
cardiac vascular surgery at body temperatures near 15°C with card-
siac arrest for periods approximaﬁe%y an hour. At present,; the
complexity of these techniques restricts their use and requires
the development of highly gkilled amd well-coordinatved teams.
Because of this, the use of moderate hypothermia, produced by +the
simpler methods of surface. cooling, will probably continue to be
used in those cases which do not demand long periods of circula-
story arrest and in those areas where trained personnel and/or
specialized equipment are not available. Furthermore, with sur-
tface cooling, the case can be diagnosed again after active cool-
sing is stopped, and surgical incision is only made when cone
:firmed necessary. Thus the patient remains intact during cool-
sing and rewarming. |

A possibility is that a deeber level of hypothermia can bhe

achieved with safety in conjunction with hyperbaric chambers.



EQUILIPMBENTS FOR THE

PRODUCTTZIOCN P HYPOTHERERMIA

The concept of heat logs is based, on physical laws, upon
the ﬁempergture potential betwveen the surface of the boedy and
the enviroﬁment in the case of surface cooling, and between the
blood and the cold medium in the case of blood-strean cooling,
Since the human body is virtually a heat exchanger mechanism,
and the procedure of production of hypothermia is to create an
external cold environment to increase heat loss and to disyupt
the mechanism which tends to waintain normal body temperature,
the thermal aspectis of some of the devices now in common use
foxr the production of hypothermia experimentallf and clianically,
with particular reference to the cooling blanket, cold air cab-
sinet, cooling of cavity,. and cooling of the blood-stream, will
be considered. Apparatus to be reviewed here is by no means

the complete rangé employed for present day surgical use; only

nh

those of speciai interest from the engineering standpoint are
considered in detail.

The principles of conventional blankets can be represented
by Bloch and Edgehill's (196%), which has dispensed with the nec-
sessity for pro@iding a special coolant fluid and pump unit.
The cooling unit basically counsists of copper tubing wogfﬁ into
three olose helices in series (Fig. 7a, b) placed in an ordin-

sary domestic bin containing crushed ice and water. The cool-
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Fig. Ta Cooling blanket. Note pathways arranged in labyrinth
pattern so that flow and return run parallel. A temperature
gradient across the blanket is thereby avoided.

lfrom tap

ice bin
| oag ‘ blanket 1
to waste
blanket 2
Fig. Tb Simul taneous cooling of two subjects. (Bloch &

Edgehill, 1963)
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sing mattress is constructed from polyvinyl ohloride (PVG)
sheeting formed to enclose pathways arranged in labyrinth pat-
stern so that flow and return run parallel and in contra-flow.
The temperature gradient across bthe blanket ig therefore sube
:stantialiy reduced, Another interestiing festure is that cool-
ting of two patients at the same time is achieved by leading
the waste water from the matiress through a seperate cooling
coil (D) placed in the same bin, and then around a second mati-
tress. The rate of cooling can be controlled by wvarying the
rate of flow of cold water from the tap.

Two typical devices fox the production of regional hypother-
smia are as follows:s Rowbotham et al (1959) developed an app-
saratus to apply intense cold o a small area of.%he brain by
means of & cooling cannula. This consigts of a specially de-
sgigned cannula, circulating pump, cooling chamber, and circu-
:lating fluid reservoir (Fig. 8). The cannula consists of two
steel tubes; the one 0.1 in. and the other 0.2 in. in diameter,
and sbout 8 ina in length. The smaller tube is welded within
the larger, sealing the latter completely %o form the top of
the cannula. The smaller tube remains open. The other end of
the large ftube is closed in the form of an obligue tip. The
smaller tube passes down the iarge tube to within about ¥ in.
from the ssaled tip. An oﬁ£leﬁ from the outer cylindexr takes

the form of a side-arm welded as nesr as conveniently possible
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to the top. Both cannula top and side~-arm are suitably shaped
on the outer surface for the easy attachment of rubber connect-
sion-tubes. On the outer leading edge of the cannula is solde
iered a sma}l side~tube through which a thermocouple can be
passed into:the surrounding brain tissue. An sdjustable plate
is fitted to the outside of the completed cannula. This is
preset, and is used to 1iimit the depth of insertion of the in-
istrument. The punp drives the fluid through the circulating
system, which is 95% alcohol, having a freezing point at about
-110°C. The rate of fluid in the flow {tube, and hence the tem-
sperature at the +tip of the canmula, is contrelled by varylng
the speed of the miniature pump. In clinical ceses, these work-
sers have brought the temperature at the tip of the cooling can-
inula to -15°C within 15 minutes, whereas the locel brain tewmp-
terature at 12 mm. from the cooling cannula is about 22°C, They
proved beyond doubt that it is possible to freeze a local area
of the cerebral hemisphere without endangering life.

In 1958 Khalil described a very useful apparatus for intra-
gastric cooling (¥Fig. 9). It consists of a water tank N, of
10-1litre capacity, which can be either cooled by means of a
cooling coil D attached to a compressor, or warmed by'means of
an electric resistance coll P. The temperature of the water is
controlled by means of two thermostats. The water tank 1s sur-

‘{".-;
srounded by thick cork jacket which provides thermal insulation.
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A suotioﬁ water-pump F sucks the water from the intra-gastric
balloon into the water tank N, and, since the tank is hermetic-
sally sealed, automatically drives an exactly equal wolume of
water to the balloon. In this way, the volume of the balloon
remains coﬁstant. Alr is prevented from entering the balloon
or the pump by fitting two air-iraps G & K. A graduated 5~lit-
sre Far H, with an attached sphygmomanometer pump and a bottom
tap T, lies above the tank. Tap T is opened only while filling
or empﬁ§:%he balloon, A flow-meter C is placed between the bal-
sloon and the pump. The screw-clamps S and Sy are applied to
the thick rubber tubing leading to and from the balloon. They
are used to clamp the rubber tubing while the empty balloon is
being introduced into the stomach, to prevent water from leak-
:ing into it at that time. A gpecial metal junction M is de;'
:gigned to allow to~an&—f£o currents through the tubes A and B
leading to and from the intra-gastric balloon. The cuter tube
is 1.0 en in diameter and the inner one 0.6 cm., A thermometer
is immersed into the air-trap K to register the temperature of
the flowing water at ialet. The whole apparatus is fitied in-
sgide a suitable 'stand with wbeels to allow easy txransport.
Before cooling starts, the emptied balloon is smeared with
catheter o0il and introduced into the stomach. About 1.5 litres
of water is pumped into the balloonm from jar H, and the suction

punp F sucks the water from the balloon into the tank, and de-
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slivers a constant fresh volume of water into the balloon con-
svtinuousgly. Although Khalil could only obtain a groin tempera-
i bure drop from %6.8 to 26°C in 4 hours with such apparatus, the
flow rate and watexr tempexrature are well under control. And
since Wate%‘is in faot sucked away from the balloon, there is
no danger of the latter being overfilled.

Shortly after J. Adams-Ray and P.0. Persgson presented theix
cooling cabinet in 1953 for animals by means of c¢irculating
cold air, several investigators (Biorck et al, 1954; Lundberg
& Nielsen, 195%; Haeger et al, 19565 Forrester, 1958) followed
to construct similar cooling cabinets to produce hypothermia
with air cooling.

The device basically consists of two main parts: one contain-

sing the refrigeration unit, heating elements and a fan, the
other fitted with a stretcher intended for the patient or an
experimental animal. The cabinet is usually made of light tim-
stbexr and is insulated. Of the range of cabinets used, Haecger
and co~workers have devised a well-esquipped; combined cooling
box and swivel operating table, which eliminates the need of
transporting the pa%ient or animzl from the stretcher to the
conventional operating table. The head of the subject to be
cooled lies on & head-rest ouitside the cabinet although in the
cagse of aninals sometimes the whole subject is left inside the

cabinet. The special stretcher is generally in the form of a



strong nylon net on which the subject lies 40 minimize the area
of contact of the body withhthe supporting surface, providing
moyre exposged area for the cold air, which is directed onto the
surface ofithe Body. The rate of cooling can, to some extent,
be controlied by setting the thermostat.

Patient care is well facilitated with these cooling cabinets
throughout the periods of cooling and rewarming, since sliding
apertures, and boards with electrical connectors are provided
for ftubings from intravenous transfusion set, electrocardio-~
sgraph, temperature leads, and other recording instruments, and
the condition of the subject can be constantly observed through
small transparent windows.

To achieve profound hypothermis by blood-stream cooling, us-
ting the patient's own lungs for oxygenation or otherwise, it
is necessary to provide some mechaniocal means to take_over the
function of the heart. In this way, it is possible to (1) est-
tablish a éatisf&ctory pulmonary systemic circulation; (2) con-
ttinue the cocoling process in the presence of a non—functioning'
heart; {(3) rewarm when desired aftér a long pericd of circulat-
tory arrest and (4) restore ngrmal_heart action.

Apart from the basio essential components, such as oxygena-
stors, pump and tubings, modern-héartwlung bypass equipment com-
tprises various auxilary eleﬁents(whioh, depending upon the type

of procedure planned, may or may not be dlspensable. In what



follows some of the elements of exitra-corporeal techniques are

briefly described.

Pumps
In practice, the number of pump types has bsen reduced to
four,.and tﬁesa are the rToller pump, the finger pump (Sigma
Punp), the Archimedean screw pump and the reciprocating pump.
Roller pumps use a progression of rollers along a flexible tube
filled ﬁith blood to provide ‘the pumping stroke and to give di-
srection to the flow. Occlusion setting makes the pump load~
gengitive, dbut requires an exaoctly adjusted compresgion of <the
regilient tubing to prevent undue blood trauma. In general,
the more rollers to a pump, the greater is the haemolysis.
Single roller pumps have a circular housing in which a compleite
loop of tubing is inserted and compressed by an electrically
revolving roller. In twin roller pumps a loop of tubing lies
in & horseshoe-ghaped housing and is compressed by two rollers
180 degrees out of phase (Fig. 10a). Roller pumps are relatively
gimple in design and remarkably sturdy. In multiple finger
punps, unidirectionsl flow is produced by series of keys which
pregs in sequence against s resilient tube. ‘The cycles of the
operating fingers are timed so that some part of the tubing is
always ococluded by pressure against a solid plate (Fig. 10b).
Any oonvenieﬁt segment of an extr&—corporeal cirouit can easily

be inserted into the pump head. The Archimedean screw (Fig.

"
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10¢) pump operates on.the prinoiple of a s0lid helical rotor
revolving within a resilient helical stator of different pitch
so that blood is drawn along the thread. The fluid pockets
trupped between the stator and the rotor progress stesdily to-
tward the oﬁtlet end of the pump and provide for a continuous
flow. The pump is easily calibrated sinoce there is no possible
backflow, Pumps based on the Archimedean flow principle handle
blood gently and are capable of a wide range of output.ﬁkgécip-
trocating ventricle pump consists of a compressible chamber
mounted in a rigid casing and‘aég activated by displacement of
fluid or gas in the casing (Fig. 10d). Unidirectional blood
flow is maintained by the insertion of valves at the entrancse
and exit of the pumping chamber. Incorporated with mocdern seng-
:ing amd regulating devices, the reciprocating pump appears most
promising, because it potentially combines inherent gentleness
in blood handling with safety of operation and the reliability

of positive displacement pumps.

Blood Filters

Blood filters serve to strain debris from the extra-corporeal
blood before it is re~introduced into the organism., Good filters
are atraumatic, offer negligible resistance fo flow, ﬁare enough
free surface for blood to pass despite partial plugging, and are

easy to clean, assemble and fxree of gas bubbles.



Bubbile Traps

Bubble traps are necessary safeily devices in most extra~corp-
soreal blood cirouits. Their design is based on theoretical
oonsideraﬁions relating the velocity of vertical ascent of the
bubbles to'the duration of transit of the blood through the bub-
:ble trap. A prolonged transit through a relatively shallow
layer of blood gives the bubbles the best chance {o rise and
dissipate. Auxiliary factors such gs skimming, centrifugal sep=

teration or snti~foam compounds are used to supplement bubble

elimination by huoyancy.

M ow-meters

Since knowledge of the perfusion flow rate is important in
heart-lung bypass procedures, some means of measuring flow must
be introduced into the extra-ocorporeal circuit. Occlusive pumps
can serve as flowmeters. In the case of non-occlusive punmps,
too many variables must be computed to obtéin a flow reading
whioh is of practical value. Cumulative recording of flow by
temporarily intexrupting the circu;ation is insccurate. Mos%t
freguently used in extra-~corporeal cirocuits are electro-magnetic

1}

flowméters.

Temperature Regulators

~ Since there is considerable heat loss in all extra~corporeal

cirouits, devices have been introduced for the purpose of maine



staining the temperature of the perfused organism within the
normal physioclogical range. Water baths, warm air, infra-red
radiant energy and heating wires have been used with varying
success, Because of possible thermal injury to the red blood
cells, thai;ocal temperature of surfaces in contact with blood

should never be permitted o exceed 40°C (Forrester, 1963).

Oxvegenators

The design of a praotioal oxygenator dates back about 25
years to the work of Gibdbon (1929). The number of different
types in use at the pfesent time 1is very large and this survey
merely attempts to outline the principles on which a number of
the mora[devices work. There are four mein types of oxygena-
stors in general use, namely the memdbrane oxygenator, the screen
oxygenator, the bubble oxygenator and the rotating disc oxygena-

:tor.

Membrane Oxygenator The first membrane oxygenator practical

for human perfusion resulted from a development of the multi-
layered lung originally described by Clowes et al (1956). Oxy-
sgen is passed along one side of a highly diffusable membrane
and blood is passed along thelother gide, as in the lungs (Fig:
11). The net result is a diffusion of gases across the membrane,
functioning as it does, across alveolar capillary membrane in hu-

sman lungs., Venous blood is carried by & vertial column and | //






distributed between each pair of membranes by a radially pierced
ring. Arterialized blood is collected in a similar column at
the opposite angle of {the assembly. Oxygen is circulated thr-
sough grooves in the supporiting plates or through interspaces of
woven spacé;s between consecutive blood layers. In order to
maintain a constant blood volume within the oxygenator, over-
stretching of the membrane must bé avoided., This is decne by
keepiné pressure and flow in the apparatus constant. Gentle
handling of the blood, disposability of parts in contact with
blood, freedom from gas bubbles and gimplicity of volume con-
:trol are the outstanding virtues of the membrane lungs. Diff-

ticulty of assembly and high cost of the disposable membranes

are among the drawback.

Scereen Oxygenator A relatively simple stationsry screen

oxygenator was described by Kay and Anderson (1958). It is re-
spresented in Fig. 1l2a. Its foremost feature is the use of the
reciroulating pump to prevent the wvenous blood from reaching
the arterial outlet without firé% going over the oxygenating
screens, waich are made of stainless steel wire mesh., This el-
siminates seperate stofage containers for the venous reservoir,
coronary sinus reservoir, artérial blood reéervoir9 arterial
filter and bubble trap. Venous blood enters the unit on one
side as does the blood from the coronary sinus suction tip.

Mixed blood consisting of venous and recirculating arterialized
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blood reaches the screens via the internal circuit pump. The
dilstributing chamber at the top of the artificial lung is emnp-
ttied of alr and filled completely with blood hefore starting
the oxygen%tion. This provides equal pressure throughout the
diatributiﬁg chamber and causes similar flow through all the
openings. The filmer (Fig. -12b) establishes a film of blood

on the soreens by simply lowexring the former. Oxygen molecules
are passed across the faos of the f£film to oxygenate the blood.
Fully oxygenated blood collected at the other sidé of the unit
is distributed to the organism via the arterial pump. The speed
of perfusion is regulated by the aortic pressure. The apparatus .
is capable of oxygenating amd delivering an amount of blood equal

to normal cardiac output in adult/and children.

Bubble Oxygenator Bubble oxygenators take advantage of the

fact that a large gas-blood contact surface can be created in a
relatively small amount of blood by bubbling oxygen through the
blood. The greater the number of small bubbles, the larger the
gas exchange'surféce will (Fig. 13). A typical bubble oxygena-
ttor was presented by Cooley et al (1958) a8 shown in Fig. 14.
It is made entirely of stainless steel and thus oan be oleaned
and sterilized gs surgical instruments. It 6onsista of foux
prinocipal partes (a) a diffusion head for oxygen dispersal; (b)
an oxygenating column; (c) a defoaming chamber and (&) an in=

sclined helical trough. The diffusion head is perforated by
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Bubble Area

0.5 [
No. of total area diameter
bubbles (sq. ecm.) (mm.)
1 4.8 12.4
0.4 F 1
10 10.4
102 22,4
0.3 | 105 48.3
104 104
105 . 224
0.2 F 1.06 48%
107 1040
108 2240
0.1 }
109 4830
0 .

1 10 102 105 104 10 10® 107 10% 107
Number of bubbles from 1 ml. of gas

FMig. 1%. Table & Graph showing the total surface area
piroduced by 1 ml. of gas when divided into an in-
creasingly larger number of bubbles of progress-
ively smaller diameter. (Modified from Clark, 1959)
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approximately 150 small holes, 0.5 mm in diameter, around which
the venous biood enters. On top of the oxygenating column is
the defoaming chamber, into which the blood-gas mixture over-
flows. This chamber containsg disposable stainless steel scour-
ting 3pongeg sprayed with anti-foam. From the defoaming cham-
tber the ligquid blood, purged of its gas bubbles, is drained
through a,spigot'and passes into the inclined helical trough
that leads to an arterial reservoir. Attached %o the reservoir
is & side tube to indicate the hlood level. The apparatus pro-
ivides blood flows up to 3 litres/min with a priming volume be-
ttween 1 and 1.5 litres.

In 1963 Goetz incorporated a highly efficient heat exchanger
in the Cooley .oxygenator, without additional blood contact sur-
s:faces or priming volume. Cooling or rewarming of the blood is
effected by circulating wa%er of varying temperatures through
two heat exchange coils formed by two parallel running helices
around the oxg%g@hting column, These two coils form an inner
and an outer channel. The division is not, however, carried
entirely 40 the end so that the two channels communicate with
each other at the upparmost.pa?t of the helical coil. It is
obvious from Fig. 14 that the goof of the channels is formed by
the helix which carries the blood down. All parts being made
of stainless steel, the helix_readily takes on the temperature
of the water runhing in the channels. Cooling and rewarming of

blood primarily taskes place as it is running down the helix.

—
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However, as is apparent from the figure, one side of the inner
channel is formed by the central bubble chamber or oxygenating
column, so that this, toco, forms part of the heat éxchange Sy Sg-
stem with tQG result that the bubbles arrive already cooled in
the defoamiﬁg chamber., A%t the lower end of the helix, the chan-
tnels are connected to two tubes which are broughit out of the
oxygenator through the base plate and fitted with connections
serving for water inlet and outlet. Cooling and rewarming of
the blocd is thus accomplished by circulating water at any de-
:aired controlled temperature through the heat exchanger.
Another type of bubble oxygenator worth mentioniﬁg is the one.
described again by Cooley et al (1962). It is.a disposable pla-
sstic bubble oxygenator. Blood is withdrawn from the venas cavas
by gravity drainage using plastic catheters into the base of the
oxygenating column which is located below the'level of the venae
cavas. The flow of oxygen provides the driving force for the
blood through the vertical column (Fig. 15)., The blood-oxygen
mixture enters the defoaming chambex which contains a stainless
gteel sponge occated with anti-foam. Oxygenated blood then passes
through s filter located between the defoaming chamber and the
reservoir. The arterial flow rate to the femoral grtery is ad-
:justed to equal’ the volume of blood returned to the oxygenator.
Blood aspirated from the cardiac chambers during bypass is re-

sturned to a disposable collecting chamber by means of individual



roller pumps from which it flows by gravity into the oxygenating
chamber. TIlow rates in excess of 3%,5 litres per minute are poss~—

sible with this oxygenator with complete oxygenation.

IRotating Digc Oxygenator | Perhaps one of the most succesgsful
///rotating di;c oxygenatoy{is that described by Osborn et al (1960)
I as shown in Pig. 16. It incorporates a water jacket for repid

cooling and rewarming of the blood duiring the period of oxygena~

ttion. The improved model reduces the danger of foam formation
by reducing the clearance between the discs and the cylinder

wall to 0.4 mm, which is amall enough to be easil& and consist-

tently spanned by the centrifugally formed blood seal. This con-

¢ tinuous menigcocus of bloed is maintained all around the disc, and
the whole adjacent interior cylindrical surface is wet with non-
stagnant blood and thus ‘can be used as a heat-transfer surface.

However, since this arrangement leaves room for neither blood nox

oxygen to flow axially through the'oxygenator, Osbora and associ-

sates have provided blood flow by a longitudinal channel at the

bottom of the cylinder. Oxygen flow is made possible by one 5/8

in. diameter hole located in each disc near the shaft. On assen~

sbly, each hole i1s oriented at 180 degrees to those in adjacent
discs, so as to encourage mild gas turbulence.

This oxygenator has the advantages of having high perfusion
rate, being 4% litres per minute; it does not produce foam; it

has high ratio of oxygenating surface to priming wolume; it em-
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sbodies heat exchange characteristics which, without additional
blood contact surfaces or priming volume, allows perfusions to
be combined with rapid cooling and rewarming of the circulating
blood, and the cleaning process: is simply performed on the shaf-

disc sssembly as a unit, without disassembly.

Heat Exchangers

Heat exchangers are used to cool rapidly and rewarm the or-
sganism during surgiocal intervention in order to benefit from
hypothermic conditions. These devices can decrease the ocesopha-
sgeal temperature of the perfused organism by 1-%3°C per minute
at flow rates from 1 %o 4 litres per minute. The rate of re-
swarming is somewhat slower. In addition to their efficiency
of heat transfer, heat exchangers must meet the same require-
tments as all other components of extra-corporeal circuits,
namely non~toxicity of construction materials, no possibility
- of mixing between the blood and the coolant, low priming volume,
minimal resistance to flow, and ease of ¢leaning and steriliza-
ttion, Some of the typical expe?imental and clinical heat ex-
schangers are discussed briefly below:

The Brown-Harrison (Brown et:al, 1958b) stainless steel heat
exchanger has been widely used. I% cqnsists of an outer cylind-
srical jacket 15% in. long and 23 in, in diameter through which
24 straight thin-wall tubes 0.18 iﬁ. bore rum longitudinslly.

The ends of the tubes are welded intc a header plate (Pig. 17)

-
-
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at each end and the surfaces in contact with blood are highly
polished. BRach end of the exchanger oylinder is threaded to

take a stainless steel cap fashioned with a beaded tube to which
uvsual plastic bleood inflow and outflow tubing is attached. The
fnterior ofigach cap ig conically shaped, providing sloping sur-
sfaces for the flowing blood gt each end of the exchanger to avoid
the trapping of any gas bubbles. Near the bottom of +the exchanger
jacket is a water inlet through which cold or warm water enters
‘the exchanger Jjacket and flows upward to a similar outlet at the
top of the exchanger. Baffle plates within the Jacket of the ex-~
schanger ensure thorough circulation of the cooling or warming
water sround the thim tubes carrying the blood. The heat exchw
sanger is mounted in a vertical position.

In 1961 Hufnagel and co-workers reported a very efficient heat
exchanger with low primingﬁvolume (only 22 ml). The dlood cir-
scuit is interposed between two surface contact areas for heat
exchange. The film of blood is 0.12% cm thick and the total sur-
sface area aveilable for heat transfer is approximaiely 2,000 =q.
cm. This is provided by a hollow tubular outer Jjacket and an
inner hollow eylindeyx, each of which seperately connected to the
heating and cooling circuits (Fig. 18). The length of the exch-
tangey Ia 50 cm. The internal diameter of the outer jacket is
6.65 em and the outside diameter of the immer cylinder is 6.4 cm.

The inner cylinder is centrally suspended within its jacket so
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Fig. 18. Blood heat exchanger by Hufnagel et al. (1961).
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that  there is a uniform space of 0.125 cm between the two walls
through which the blood passes for temperature regulation. The
ends of the inner cylinder are cone shaped. Blood is passed in
a laminaxr f;ow through the exchanger, minimizing trauma. The
exchanger coﬁponents are maintained in alignment by highly pol-
:ished end plates through which blood is introduced and removed.
The entire unit méy be teken apart for easy cleaning and silicone
coating. I may be autoclaved as a single uni{ when reassembled.

Performance ﬁf heat exchangers, in terms of blood cooling ox
rewarming, can be measured and adequate comparision of different
devices has been established (Fig. 19). |

At about the same period the annmular type of heat exchanger
used by Drew (1961) features also concentric cylinders. It is
a double annula type, consigting of four concentric cylinders
having a central annular-bi;od passage surrounded by an inner
and outer water jacket. The blood passage is formed by four hel-
:ical grooves 1d in. wide and 1/16 in. deeyp, machined into the
inner blood cylinder. The cylinders containing blood are made
of stainless steel and there are ne welded Jjoints within the
blood passage. Although the priming wolume of the unit is only
42% ml, the surface aresa for he;ting and cooling is 5 sq. £t.
(approx. 4,650 sq. cm.). The blood inlet and outlet connections
to and from the helical channels are via a common circular header

channel, terminating in 3/& in. bore stainless steel {tubing, pro=-
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heat exchangers used in hypothermic perfusion. The Coeffic-
ient defined as the blood temperature change across the heat
exchanger -- from inlet (T,;) to outlet (Ty,) per degree C.
of temperature difference between the inlet blood temperature
and the inlet water temperature (T, i)t

Tbi - Tyo
Toi = Twi

Coefficient =

For example, at a flow rate of 4 1/min, the coefficient for
the "USIFROID" is 0.65. If blood enters at 36°C. and the
exchange fluid is 2°C., the blood temperature will change
by (36-2)x0.65 or 22.1°C. Hence the blood outlet tempera-
ture is (36-22.1) or 13%.9°C.



studing from the heat exchanger. The blood cylinders, when
assembled, form é;n integral unit available for mounting with
the inner water jacket. The blood assembly slides over the in-
iner water ;aoket and is seperated from it by means of helical
strips forming the water passages. Water connections to the
inner and-outer jacket are suppliesd from the base of the complete
assembly. The inner water connection is g fixed stainless sfeel
tube, while the water connections to the Jacket are gupplied in
8 transparent plastic material to permit removal of the blood
assembly. This heat exchanger is produced by A.P.V. Ltd., Sus-
ssaex, following long experimental trials in collaboration with
the Westminster Hospital, London.

In France, a very compact heat exchanger has been developed.
It consists of stainless steel tubes with rods inserted axially
within the blood tubes to imprpve heat exchange; because the bl-
:oodrpath is reduced to an annular space in direct contact with
the heat exchange fluid (Fig. 20). This "USIFROID" exchanger
has very high thermal efficiency (Fig. 19) even at high blood
flow rate (4 litres per minute). It is capable of cooling a
body weighing 80 kg dowm to 1010 in 15 minutes, but at the same
time maintains a low frimihg volume of only 200 ml.
The principle of concentric cylinders has also heen employed in
Ttaly by DeGasperis and co-workers (1962). The interesting fact
is that thelr concentric cylinders are bent into an in%er%ed ngw

tube, The heat'eiohanger is mounted vertically on a stand., It

e
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iz made of stainless steel, %the branches of which are placed in
water jackets formed by two concentric cylinders (Fig. 21). The
outer surface of the "U" tube and the external surface of the
inner cylinder form a narrow space, '"blocd chamber'", containing
-the circulaéing bleod., Both tvhese surfaces are highly polished.
A Plexiglas headpiece at the upper end of the water Jackets covers
the curvature of the "U" tube, completing the blood chamber in
that porition. The cold or warm water circulatées inside the "U"
tube along the iumternal surface and inside the water jackeis
along the outer surface of the blood chamber with the exception
of the portion covered by the Plexiglas headpiece, which gllows
priming of the apparatus and eliminstion o6f residual air bubbles
throuéh an air vent. The "U" ftube is 150 cm long with an inner
diameter of 0.5 cm. The width of the blood chamber is 0.15 um,
end the heat transfer surf;ce measures 3;542 sq. cm. The prim-
sing wolume amounts to only 300 ml, The water flows in opposite
direction to the blood strea, establishing a maximal temperature
gradient at all points along'the exchange surface.

The Melrose~-N.E.P. perfusion unit features also the annular
design of heat exchangers. These are commerciaglly available in
three sizes, giving heat exchange rates for the various surgical
approaches. The surface areas rangs from 1,935 Yo 419.3 sg. cm.
and the low priming volumes aré from 80 to 20 ml at flow rates

of 4,2 to Q.16 litres per minute. However, the rate of cooling
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is comparavively slow, for example, with the largest gize of

exchangers, 1t takes 40 minuites to cool a body weighing 65»kg

to 10°C., ©Nevertheless, the{éﬁ@styucion of these exchangers is
very simple and assembly is made very easy.

Since th;3heat exchanger is the most wvitally impordant of
elements for perfusion hypothermic production, it 1s therefore
given particular consideration as to design and heat transfer
phienomenon. TIor a practical heat exchanger, the design criteria
are as follows: |
(1) the material in those parts of the apparatus in contact with

blood must be non-toxic and the blood path construction in
such a way as to produce minimal damage to blood cells.

(2) the exchanger must be easy to clean, must be capable of be-
sing sterilized by heat, and must be easy to assemble under
aseptic conditions.

(3) the complete extra-corporeal circuit must be capable of be-
sing primed with blood without the possibility of air en-
ttrainment dvwring assembly or while it is in use.

(4) the pregsure ‘loss (resistance %o blood flow) and the rate
of pressure loss in any part of the appag%us should be min-
$imal.,

(5) there must be no possibility of mixing between the blood
and the circulating lilguid used to effect heat exchangew

(6) to avoid damage %o cells in the blood; at no time must 1t



be subjected to a temperature outside the £ange of 4-40°C.
(7) it must be possible to deliver blood from the heat exchanger
at any temperature within fthis range so that the rate of
cooling and rewarming in subjects of varying size may be
strictiy contirolled.
(8) the priming volume of the hea’ exchanger should be small, in

order to minimize the number of blood donors necessary.

Viscous Flow - Whole blood is a complex non-Newtonian fluid.

Its flow curve of shear stress against the rate of shear of the
fluid is net linear, i.e. the "viscosity" of a non-Newtonian
fluid is not constant at a given temperature and pressure,; butb
depends on other factcrs such as the rate of shear In the fluid,
the geometvry of the apparatus in which the fluid is contained or
even on the previous history of the fluid. Blood itself is a
suspension of small particles (red cells) in a fluid (plasma),
its flow in the tubes differs from that of simple fluids. For
a given sample of blood there is a decrease in wiscosity as the
shear rate increases.

Non-Newtonian rheology, when cbserved, is usually ascribed
to the high hematoecrit. The first comprehensive study of the
effect of hematocrit on non-Newtonlan rheoldgy of whole blood
appears to be that of Wells and Merrill (196la). Their results
é.re summarized in Fig. 22 (without anti-coagulants). The graph

variation of apparent viscosity (ratio of point values of shear



stress to shear rate) with shear rate appears %o exhibit a steeper
gradient than Newtonian fluids.

Further work on whole blood by the same authors (1961b) showed
that additipn of anti-~coagulants lowered the gener;l level of wvis-
scogity anéﬂcaused the blood to approach a Newitonian flow (less
varlation of viscosity with sheaxr rate)o |

One of the design criteria of heat exchanger is that the pres-
:sure loss (resistance %o blcod flow) in any part of the apparatus
should b%fé’minimal. A quantitative measure of this resistance
across the heat éxchanger with annular passage has been made by
Shore (1963). It is found that when either flat plate sections
or annuli formed by concentric cylinders are used; the rate of
shear strain at the wall is greater than that in the equivalent
tube diameter. Thus, for materials which show a marked reduct-
sion in viscosity at high values of shear strain; there is con-
tsiderable advantage due to the improved velocity disftribution
following ‘the reduction in viscosity at the duct wall. The main
disadvantage of the tubular design is the distribution problem

of feeding several channels with an equal flow rate, which greatly

reduces the hydrodynamic efficiency of the exchanger.
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HE AT TRANSTFTER PHENOMENON

PHYSTOLOGICAL ASPECTS

The human body is a heat exchanger divided into three thermal

zones -- superficial, intermediate and deep, or core.

Superficial Zone The sguperficial zone consists of the skin

and subcutaneous tissue. It serves as the outer layer for ex~
sohange of heat between the deep zone and the outside. This act-
sivity depends upon the amount of blood flowiﬁg in the skin and
subcutaneous layer. With high flow rates (vaso~dilatation), heat
exchange is active, This is the final step in preventing over-
heating., With reduced or no flow (vaso-constriction), heat ex-
;ohange is 2 minimal ox absent, as in cold. This is the final
step in heat congervaticn. In fact, in extreme cold the super-
;zficial zone varies with Biood flow, the outside temperature, hu-
sidity and aif velocity. TFluctuation is over a wide range and

is continuous in response to environmental factors and to the
rate of heat production and/or heat loss by the body. The rate
of heat exchange 1s proporitional {o the body surface ares, 1o
tissue conductance, and to thq difference in temperature between

the core and the skin.

Intermediate Zone This zone consists of the skeletal mus-

1oles. Heat loss is mainly from thig site during the initial

phases of induction of hypothermia, Under ordinary conditions



" the skeletal muscles play a small role in heat production, most
coming from the viscera., However, when chilling occurs and the
critical core temperature is in danger of dropping, the skeletal
muscles aralenergized into production of heat. The large muscle
mase is theamost efficient part of a relatively inefficient heat
exchange aystém, because of an exiensive blood supply and because
blood flow rate can increase when needed. Blood is the carrier
mechaniem in the human heat exchange system. Therefore, those

areas with the best potential flow are the most efficient parts

of the machine.

Deep Zone The deep zone, or core, consists of all structures
which lie within the body cavities. The normal temperature is
generally given as 37°C, accepted as the reference point (Cooper
& Ross, 1960; Blair, 1964)¢ There is a small gradient normally
between the core and the intermediate zones, amounting t0 about
~0.5 %0 -1.0°C. The gradient between the core and the superfi-
toial zone is larger, about -2 to «3°C. The core is the crux

of the entire thermal sysiem and the maintenance of its normal
temperature under conditions of cold and warm outside tempera-

stures is the characteristics of the homeotherm,

Pemperature Gradients

In both methods of surface and blood-stream cooling, core

ccoling can be accomplished only when heat loss exceeds heat



production. The key to the matter then is to promote the loss
of heat while suppressing its production. Heat loss is accom-
iplished by transfer of heat from the body to a cold medium. In
surface cooling the subject is placed in a cold environment, the
superfioial %one temperature drops from say, 35" to 10°C, enlarg-
ting the core to sﬁperfioial gradient. There is, however, a de-
lay of about 15 minutes before the intermediate and core tempera-
ttures begin to fall, This time lag is due to fallure to lose
heat as a result of the intensive vaso-constrioction in the super~
sficial zone. This resistance is broken when the vaso~constrici-
tion is replaced by wvaso~dilatation and the skin is flooded with
blood, thereby permitting the skin to do its job as a heat exch-
sanger, The mechanism of skin vasoular dilatation In extreme of
cold has been elaborated by many workers (Burton & Edholm, 1955).
Lewis (1930) presented the ;hunting" phenomenon -- vaso=-constricte-
1ion follwed by wvaso-dilatation, ceused by prolonged exposure of
body or part of the body in a cold medium. With the increased
flow, heat loss is rapid and the core temperature falls. The
skin temperature continues to fall until it approaches the temp~
terature of the environment and then atabilizés. The muscle
temperéture falls to a lesser degree.

When the subject is removed from the éold environment, &n ine

tteresting and dangerous phenomenoq‘ocoura. The body core temp-

serature continues to drop. The continmed decline is termed
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‘Mgfter-fall" and is characteristic of all surface cooling tech-
sniques. The fall averages 2°C and may go as high as 5°C (Behnke
& Yaglou, 1951; lLewis & Tauffic, 1953; Virtue,.1955; Spurr et al
19563 Cooper, 1960), The amount of drift is influenced by a num-
tber of faothrs. These include rate of cooling, size of subjeot,
degree of peri@heral vaaoulaf dilation, ambient temperature, agt-
tivity of reflexeé, and core to skin gradient. The result is
that the level of hypothermia becomes deeper. Great care must
be exercised in timing cessation of the active ocooling period or
the descent will carry the subject to potentially dangeious levels.
In order to demonstrate in a qualitative fashion the time-lag
and after-fall phenomenon, a water model was oconstructed (Waters
& Mapleson, 1961) to indicate how the temperature changes arise.
A Tow of water containers is set up (Fig. 23), each one connected
by a marrow-bore tube +to it; fellow. The end jar has an outlet
which is allowed to drain into a sink, The Jar on the left re-
tpresents the centre of the body; the jar on the right represents '
the surface layer. The flow of water from left 4o right repre~
ssents the flow of heat from centre to surface. If water is
drained from the end jar, the level in that jar falls rapldly.
Then the next jar begins to show a fall. The process continues
until the Jjar on the left is responding. But there is an appre~-
sicliable delay defore this happéne,)i.e. the Jaxr répresenting the

centre of the body shows & lag phenomenon. The cooling is now
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23 Nater model to illustrate temperature
changes in the body during surface cooling
(Waters & Mapleson, 1961).

row: before immersion; all regions at the
same level of temperature

row: during cooling; different levels in
different regions

row: soon after cooling has stopped; levels
beginning to even out

row: finally, a new equilibrium established.



- stopped, i.e. the tap draning into the sink is turned off, At
the moment at which it is turned off the levels in all the jars
are different. But now a proocess éf levelling=-out ocours and
two'things happens there is an after-rise in the jar on the
right and ai\after-fall in the jar on the left, representing a
'temperature rise in the superficial zone and a further fall of

temperature in the core of the body.



-

HEAT TRANSFER THEORY

Extra-corporeal Cooling

Although the intra-ocorporeal transport of heat by circulating
blood has Been recognised for some time as an important factor in
thermal phy%iology, the quantitative description of this concept
is s8till not satisfactory. This is certainly owing, in part, to
the extreme diffioculty associated with making experimental mea-
1surements of quantities such as the local blood flow rate and
the local rate of heat gene?ated by metabolic reactions.

However, in order to adequately interpret temperature profiles
in the human under hypothermic conditions, one must be able to
account for the following factors: (1) local generation of heat
by metabolic reactions, (2) conduction of heat due to thermal
gradients, (3) convection-of heat %y oirculating dlood, (4)
countercurrent heat exchange between adjacent large arteries
and veins (5) the storage of heat., |

- The human body, from the heat transfer point of view, can be
hypothetically divided into six elements, consisting of the trunk,
the head, two armg and two iegs. Eech element is assumed %o be a
homogenous cylinder of bone an tissue covered with a layer of
fat and skin, For'a homogenous, isotopic oylinder, in which
only the radial conduction ﬁf—heat is considered, the transient

' /
state heat conduction equation may be written ass

!
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> 5 arz + > br Eq. 1

Due to the previously mentioned conditions, this equation has
to be modified when applied to the human thermal system under

|
normothermig to the following form

Ot 2% 1 Dby
PC osn -k (br2n + =57 ) *tag + (V8)(ten - t4)  Eq. 2

This equation is gimply a mathematical statement of the first
law of thermodynamics written for an infinitesimal element of
tissue. The term on the left-hand side of the equation is the
rate of acoumulation of thermal enexrgy per unit volume. This
equals the sum of the three terms on the right whioh represent,
in order, the rate of conduction of heat into the element, the
rate of heat generation by metabollc reactions, and the rate of
heat tranafer from blood to tissue. However, for hypothermia,
where heat loss exceeds metabolic heat generation, the body
temperature falls, the net heat loss being known as the heat

debt, Eq. 2 will be re-written as

Dt X" >t
/00 an = =k (brzn + i brn ) + q_m + (VS)n(tan - tn) Eq_o 3

where t,, < t, since heat is conducted awéy from the element
and heat flows from tissue to Blood. Here radiation and evapor-
1ation heat loss 1ls negligible. These equations must be solved

subjeot to the following boundary conditions
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dr

- k.

at r = ag

h (t, - tg) ' Eq. 4

This equation states that the rate of conduction of heat to

the aurfacelﬁhrough the

from the surface to the

tissue equals the rate of heat transfer

environment.

—



Surface Cooling

The hypothermic heat transfer concept with air cooling is es-
ssentially one of forced convection and transient heat oconduction,
wherecas evaporation and radiation heat loss,‘during active cooling
idxnegligibie. Metabolic heat production amounts to about 10% of
total heat loss during cooling (see Section VI),

Here the cooled air hes a velooity imposed upon it by means of
a fan, and is brought into contact with the skin surface of the
subject. The factors on which the rate of heat flow q under con-
tditions of forced convection depends are likely to be the linear
alze ; of the bvody, the difference in temperature © between the
body and the air, the conductivity k; of the air, its sbsolute
viscosity «, its specific heat GP’ its velocity v andlits density
P

According to the method of dimensional analysis

qnf(e,ka,cp,f’,/‘,l,v)f | E@.s

It follows that

~

kg © c
q = &1 ( /“kap )X(_%_l_)y Eq.' 6
. or
el _ A% Pyl
kg0 f‘ k, ° ) : Eq. 7

Hence the Nusselt number (ql/k,0) is a function of the Prandil

(#Cp/kg) and Reynolds (L vl/4) numbers.



i.e, Ny = f (Pp, Rg)

Another trangsient heat conduction phenomenon for hoth surface .
and blood-gstream cooling requires that, if the subject is space-
twise isothermal, i.e.'having‘little or no temperature gradient
in the body;;the temperature Varies only with time. If a certain
small body of finite thermal conductivity at some uniform tempera-
tture when at time zero is placed in an environment of a different
temperature, the problem is to determine the change in temperature
with time as s function of the aystem characteristics. Consider-
1ing the heat balance on the subject, equating the change in heat

. capacity with the convective heat loss, yields

dt |
PCV ——= ~hiag (t-1,) Eq. 8

where V is the volume of the body and Ay is the surface area.

The appropriete initial condition is t = t, at 8 = 0., The ambient
temperature t, is a constant. Xq. 8§ can be re-written in the form
of a differential equation for the excess temperature where O is-

the temperature difference (= t - t5)

de h Ag
% " “7ev °° | Eq. 9

The appropriate condition for the evaluation of the single oconstant
appearing in the solution of Eq. 9 is the inltisl condition, the

temperature of the subject at time zero,
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s = ( ¢ = 0,
With the use of this boundary condition the solution for
Eg. 9 becomes
__h 4

'a .o POV
5 9

It is clear that a plot of Eg. 10 for logg (9/60) versus s
will yield a family of straight lines with (hAL/CVA) as a para-

tmeter. Eq. 10 can be re-written to advantage as

hl, oL 8
- () 5
© ke L Eq. 11
where (hL/k) = Biot modulus

{(4s/1%) = Fourier Modulus

A = thermal diffusivity

The wvalue L in the Biot and Fourier moduli is recognised as a
significant dimension of the system and is derived as the ratio of
the volume of the body ito the surface area. Thus for simple geom-
tetrical shapes the value of L can be readily obtained.

rg 1 o

Por linde L = -
oy o 2 7 v 1 2

l?ro

The Biot and Fourier modull are dimenaioﬁless and have the great
advantage that when used in the manner of Eq. 1l the temperature;
time historiés for all bodies can be reduced to a single universal

plot for all values of the conveotion boundary condition.



Thus if the human body were divided into siﬁ elements of homo-
sgenous cylinders consisting of the trunk, the head, the two arms
and two legs, Eg. 1l is best applied, provided & mean body temp-
terature is established.

In 1961,?$orreter and Brown reported a method of attaining a
pre~determined oesophageal temperature in human subject using a
new approach to the technique of air cooling. By measuring the
temperature difference of cooled air between inlet and outlet
in a specially constructed and calibrated hypothermic cabinet,
and by equating the amount of heat loss of the patient to the
heat gained by the cooled air, they were able to show that the
cessation of cooling is independent of the oesophageal tempera-
:ture obtaining at that time and that the désired final tempera-
tture is determined solely by the amount of heat which has been
given up by thé patient. ﬁith this method it is possible to pre-
sdict the "after-fall® which inevitebly oceurs when active sur-
sface cooling stops.

Prior to this, no systematic method was found available for

the determination of the pattern of heat given up by subjects

under hypothermic conditions, nor was there any means of investi-
]

:gating the variations, if any, of tissue conductance and conduct-
tivity with the core temperature during the period of hypothermia.
An extension of their work is developed and presented here.

The differential heat balance with this method of surface cool-



:ing is given by (see Appendix III)

1
]
1

dt '
Q = Wla—s— = MOCp (tg = tge) Eq. 12
It follows
WD
2.(ta - tae) =—% Bq. 13

Considering a thiok oylinder of surface area Agy radius r at
temperature tg in contact with cold air at uniform temperature iy,
at any time s from the start of the cooling operation, the guante
ity of rate of heat Q transferred in the short time ds depends
upon the surface area of the cylinder, the difference in tempexra-
tture between air and the surface of the body, and a factor h, the

coefficient of heat transfer from the surroundings to the surface

Q =-h 4y (4, ~ tg) Bg. 14

The convective heat loss from the cylinder to the outer-sur-
:face is directly proportional (1) to the mean thermal conducti-
:vity k of the body, (2) to the mean surface area A, normal to
the direction of heat flow and (3) %o the temperature difference
(t, = t;) between the points from and to which the heat is flow-
sing and is inversely proportional to the length (rs - ri)'of
the path of heat flow. { \

Thus
. - dt

This guantity of heat loss by conduction to the surface through

the tissue equals the rate of heat transfer from the surface to



the environment. Hence the equation of heat transfer can, for
practical assessment of the problem, be written as (see Appendix

III)

by = b

\



EXPERIMEDNTAL S CHEME

The hypothermia investigations reported on were carried out
as part of an experimental prograume on cerebral blood flow in
normothermis and hypothermia on the dog undertaken by the Depart-
tment of Ana;sthetics of the Royal Infirmery, Glasgow. The sur-
:face cooling technique chosen was fthat of Forrestexr-Brown which
permits effective control of the after-fall essential in experi-

sments of the type undertaken,

Table 1 General Surface Cooling Hypohtermia
. "egfter- Safety Patient
Device Cooling Fallt Control Factor care
ice bath rapid large poor fair poor
blanket slow small good v. good | v. good
cold air fair amall good good v. good

~

Table 1 shows a qualitative comparision of the surface cooling
techniques available. It is seen that the cooling blanket would
appear to be the best choice for hypothermia induction. However,
it does not give a good contact surface of the body with the cool-
3ing medium, creating a non-isothermal surface. It was for this
reason that air cgoling, although expensive, was decided on as it
further permits by an extension of the Forrester-Brown concept,
the reliable.pre-determination.of the amount of total heat ex-
straction.

For this series of experimenﬁg a hypothermic cabinet was spec~

:ially design and constructed, to enable the following investiga-

!
™ -



¢blons to be carried out:

(1) to attain a pre-determined level of oesophageal temperature
of the dog.

(2) to follow the temperature-time history and the muscle temp~
=eraﬁufe gradients during and immediately sfter active coolw
sing.

(3) to assess the overall specifio heat of the perfused animal.

(4) to correlate the heat extraction, rate of fall of temperature
and body weight.

(5) to investigate variations of muscle thermal conductivity and

conductance of the animal.



DESCRIPTION o F APPARATUS

The hypothermic equipment (Figs. 24-2T7 ) is divided into two
compartments, the upper one for the dog forming the cabinet it-
:self, and ihe lower one for the cooling equipment and a fan.
The cabinet‘measuring 75" x 60" x 30" is constructed of light
timber enclosing "Polyzote" insulation on the detachable hood,
on the sides (except for the sliding door), and on the ends. A
circular aperture at one end allows the head of the animal to be
supported on a rest outside the cabinet. The interior of the
cabinet is illuminated by electric light. The temperature leads,
tubing from intravenous transfusion set and sphygmomanometer
emerge from one of the two perspex windows on one end through
which observation of the subject's chest movements is possible,
permitting minor adjustments made if desired.

The wooden base of the cabinet supports a stretcher composed
of strong open nylon net on which the dog liss, thus minimizing
the contact surface area. This also serves as an operating te-
sble., The inlet for air is formed by seven apertures located at

the base of the cabinet, with the air stream circulating under

3 I

the subject and directed onto one side of it. The outlet duct
is of rectangular shape at the other end of the cabinet, which
forms an intggral part of the wooden table, The detachable hood
of the cabinet fits air-tight against flanges along the edges of

the table during the induction of hypothermia.

e
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The cooling unit comorises a 1 h.p, hermetically sesled con-
:dansing unit (Pectmseh BIUL8-LT) to work irn conjunction with o
Torced draught evavorator {(Frigidaire SWF-3%60), The capacity of
the refrigeration unit is 1,20 kcal/hr at =5°C. The temperature
of the air.%ithin the cabinet is controlled by a thermostat set
to «-10°C in‘thé inlet air stream. The cooling unit fan is driven
by & 1/10 h.p. A.C. motor and is wired to operate continuously.

For air temperature mecasurements at inlet and outlet, copper-
constantan thermocouple wires are used. The high thermal con-
sductivity of metal thexrmocouples can introduce an appreciable
errbrlby conduction of heat along the wires, but this can be re-
sduced by using very fine wires, due allowance being made for
durability and riéidiﬁy. These are first inserted into fine-
vored plastic tubings and then into ordinary small vore gardén
nose for insulation and protection against any tendency of cor-
:rosion, kinking or damage of auny form. The thermo-junctions
of the wires are soldered and metal sheaths are used, Thae cir~
seult 1s so designed for this part that since tenmperature diff-
serence hetween outlet and inlet air is required; no reference
Junction is necessary. The signal of elr temperature change is
picked up in a Cambridge indicéting pﬁtentiometer, with an oyp-

: tional external spot-light galvanometex attached. The sétwup
provides, for a tempersdture range of 40-28°C, an amplified sen-
:gitivity of 0.1°C, considered acceptable as far as potentiom-

smeter~indicators are concerned. This is chosen because once
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Fig, 28 A type of Thermocouple Needles

Mig. 29 Air Flow Measurement
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the null point is achieved, there is no current flow and hence
no heating effect is developed along the length of the thermo-
couple wires. The muscle probes are alsc made up of copper-
constantan wires (Fig. 28 ), with junctions soldered as close

as possiblélto the +tips of the needles, the caunular space of
vhich ig filled with araldite. The length of the delicate wires
runs inside fine~bored plastic tubing to ensure protection. Thé
needles are connected to an ice junction through a toggle switch
and then to the Cambridge potentiometer. ILach nsedle is marked
in lengths of 1 cm to 3 cm along the stem from the junction at

the tip.



CALIBRATTIONSGS

Galibration of Thermocouples

Prior to instal¥éion in the cabinet, copper~constantan thermo-
scouple Wir;s were calibrated. The probes were soldered point
Junctions submerged in s water bath with a2 thermostatically con-
strolled immersion heater. The reference junction was kept at
ice point and connected'to a Cambridge indicﬁting potentiometer
via ordinary copper leads. An eleciric stirrer was fitted in
the water bath to minimize the convection effect, andﬂgtandard -
thermometer was attached to the thermocouple, with the probe lo-
scated as closé as possible to the mercury capsule of the sternd-
sard thermometer. The thermeostat was set at different levels of
temperature to give a series of readings of electrical potentials
(e.m,f.) set up in the thermo-junction of the thermocouple. The

computed result gave the value of temperature difference hetween

the two junctions per electrical potential of the circuit.



Calibration of Hypothermic Cabinetd

When air passed from the inlet apertures to the outlet duct,
it picked up heat from the walls of the insulated cabinet. This
loss of heaﬁ, hence the change of air temperature; of the empty
cabinet varies with the ambient temperature and with time. It
could be evaluated by calibrating the enmpty cabinet at warious
and repeated ambient temperatures, reproducing the environmental
conditions of the operating theatre. Although there were seven
apertures at the cold air inlet, it was reasoned that one of the
thermocouple juncitions should be kept fixed permanently at the
same aperture throughout the period of bhoth empiy cabinet cali-
:bration and cooling of the animal, thus mini#zing any possible
disérepancy.

Maximunm ambient temperaiure range encountered in the operating
theatre was from 19-24°C. Calibrations obtained Were'shown in

Fig. 30.



Ay Tlow Messurements

The criterion here, for this particular cabinet, was that the
cold air inlet apertures were located at the side of the dog's
trunk when ?n position, hence the air stream was directed right
lqnﬁo.it. Tﬁa alr flow rate uwsed in the analysis was that mea-
tsured at inlet. The technique of measurement and relevant cal-’
sculations are as follows and fTabulated in Appendix I |

The seven inlet apertures were divided into fourteen stations,
i.e¢. two stations per aperture for the measurement of air flow,
for which a pitot-static tube with water gauge column was used.

Mean values of the heighte of water column were wecorded.

|

9 5

{

b - L -

Sketch of an aperture

7 e + (L -~ 2v)or

Area a

| = 2702 + (L - b)b
= »[1-10 ﬂ%?)‘)]
= b(L - 0.215b)

>b (L - 0,215 b)

Total arca A
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EXPERIMENTAL PROCHEDURE

Bvaluation of Cabinet Constant

A series of nine dogs varying in weight from 10«37 kg were
used in detérmining the cabinet constant. Inmediately after
anaesthetization the dog was placed onto the nylon net stretcher
of the hypothermic cabinet., It was shaved all round the Trunk,
which was immediately above the cold air inlet apertures. An
oesophageal temperature probe was inserted for a length of app-
sroximately 20 cm for the estimation of the core temperature,
which was near to the heart level. A mercury-in-glass thermo-~
meter was also placed in the oesophagus to counter-check the
thermocouple reading.

After the animal had been prepared and control observations
made at the environmental ;emperature, the hood of the cabinet
was placed and fitted in position. Any space between the circu-~
t:lar aperture of the o#binet end and the neck of the dog was
segled off witﬁ foam sheets, preventing escape of the cold air,
The thermostat controlling the refrigerator was set at -10°C,
and the fan and cooling unit was switched on. This represented
the active cooling phase. The cesophageal temperature gradually
dropped and was recorded at S-~minute intervals, as was also the
alr temperature change between inlet and outlet, The graph of-

oesophageal temperature was plotted agsinst time, giving warning

when the core temﬁerature tended to %0°C. Generally at about 32°C



— -

the refrigeration was shut off and immediately the hood of the
cgbinet removed. During this period, a éﬁeady rise of the skin
temperature began, but the oesophageal temperature still declined,
though at a decreasing rate, indicating that the core was still
losing heatato the intermediate and outer~layers of muscle.
Finally aﬁ eéuilibrium was established when the oesophageal temp-
serature reached a steady level, which normally persisted for

an hour or so, enabling control data at this temperature level

to be obtained, Graphs showing rate of fall of oesophagesl temp-
rerature were plotted (Fig. 3%1-35 ). From this data, the cab-

tinet constant was determined.

Application of Cabinet Constant to attain the pre-determined

oesophageal temperature

It was now possible to predict the amount of heat to be ex-
ttracted from the dog in terms of the evaluated constant K and
the body weight of the dog. This was performed prior o activé
cooling. Having calculated the swmmation of temperature differ-~
sence of the cold air, and the animal having been prepared as
before, the active cooling phase began. Readings of oesophageal
tenperature and air temperaﬁuré difference were taken at 5-min-
iute intervals unitil the summation of the latter reached the
pre-~determined value, when active cooling was stopped. further
readings of the fall of the oespphageal temperature however,

were noted. A series of eleven dogs of weight from 8.7-35.4



kg were used in this part of the experiment. This data was used
to compare the actual after-fall with the predicted after~fall

calculated in the manner in Appendix V.

Study of Muscle Temperature Gradients

Another series of eleven dogs varying in weight were used to
determine muscle temperature gradients. The procedure was iden-
=tiealw§s before, except that the right hind leg of the dog was
partly shaved, permitiing a skin thermocouple probe to be att-
sached to the area of the leg. At the same time, needle thermo-
tcouples were located in the subcutaneous tissue at 1-3% cm into
the region of the semitendinous muscle as far as possible in
the saﬁe radial plane as that contsining the skin probe, the
needles being kept as closely normal to the skin surface as con=
tditions allowed, Duriné\aotive cooling and immediately after,

the probe readings at different depths were recorded, from which

temperature gradients shown in Pigs. 42-52 were evaluated.



RESULTS AND DEDUCT I ON

Gongtruction of Graphs

For hypothermic cabinet calibration, oase; No. 4-12 are re-
sported. The rate-of--cooling curves are plotted in Figs. 31-2,
the reason being that some dogs had thelr initial oesophageal
temperatures raised, where appropriate, with an electric fan
heater during the preparation period. It is reasoned that if
these curves of all the nine dogs were plotted in a single graph
the pattern of the lines joining the co-ordinates wouldno longer
be consistent. The "staggering'" effect is simply due to the
different body weights of the animals.

Fig. 33 represents the degree of accuracy of the preditive
result of the oesophageal temperature. The co-incidence of
these cooling curves and fie base lines of 30°C is apparent in
most cases.

g%@ﬁ. 95-98 show the comparision of heat extraction of +the
dog with and without metabolic heat production. Group A shows
the slowexr rate of heat loss whereas Group B, the higher rate

of heat loss ( and hence the shorter period of active cooling).
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DISCUSSIOCN

Hypothermic Cabinet

Tested in experimental use, the cooling device presented has
turned out é? be well suited for its purpose. No éerious dis-
sadvantages have been encountered. Some improvements, particu-
s1larly in regard to the circulating of cold air, however, are
desirable, The rate of cocoling depends chiefly upon the body
weight of the animal, the ;ﬁount of haif ghaved, and the rate
of air flow and its inlet temperature. Lowering the inlet air
temperature further from %ts present value of -10°C probebly
results in cold injuries of the dog, alihough so far in this
serles of experiments no damage of any kind has been recorded.
The present average rate of cooling of 4.2°G/hr can be signi-
ficantly increased if the\bapacity of the fan is increased and
rendered variable, making it possible to establish a better re-
slationship between the rate of flow and the temperature of air
during the c¢ooling phase,

The use of the nylon net stretcher as the operating table is

&ppropriately Justified by the fact that no physieal handling

of the animal is neceg@sary before and after cooling.

Prediction of "“After-fall®

S
I

The predictibn of after-fall of the oesophageal temperature



can be reliably assessed by employing the Forrester-Brown teche
snique of surface cooling. It is seen that the cessation of
cooling is independent of the instantaneous oesophageal temp-~
terature, and an average after~fall over a period of 40 minutes
of 2.2°C was recorded én thirty-one dogs (Fig. -64), after that
the oesophageal temperature tends to gginﬁgin at or near the
desired level for a period of about an hour, when it begina to
rise steadily even without re-warming, as the subjéct ig bheing
stabilized, An averagéjg} 0.8% is encountered in the predict-
sion of the oesophageal temperature in this series of experi-
sment and represents a clinically acceptable walue. Although

- after cooling of the subject, the after-fall persists, the only
period of time when the animal as a whole is likely to lose
heat i1s during the period of active cooling. The summation of
heat extraction obtained at intervals of time is therefore the
total heat loss of the dog, and this is a relevsnt measure for
the total fall of oesophageal temperature during and after

active cooling. TFurther development of the method, as already

seen, enables the vasomotor reactions to be examined.

Pattern of Heat Extraction

The pattern of heat extraction (E keal/hr/kg) during active
cooling of the animal falls into two groups -- those which hav-

sing a low rate of H (Fig. -37 ) and those which have a relatively
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high rate of H (Fig. 39) with the fall of oesophageal éempera-
sture. This is dependent on the extent to which the skin must
be perfused o lose heat, since blood is the principal carrier
mechanism for heat exchange. The desired final temperature is
solely deté%miﬂed by the amount of heat which has been given
up by the aﬁbjeot. Metabolic heat generation is allowed for
in determining the value of the cabinet constant. To compare
heat extraction with and without metabolic heat production re-
ssults modified from Keller (19%6) have been utilized. As the
heat debt is equal to the heat extraction less +the metabelic
heat production, the former would equal exactly the latter if
.the dog's metabolic heat production ceased., TUtilizing this in
conjunction with Keller's results, Figs. 37-40 have been
derived, and provide s means of comparing the amount of heat

extraction of the dog.

Rate of Heat Flow

The rate of heat flow from the body during surface cooling
is mainly dependent on the peripheral blood flow which in turn
depends on the degree of vaso-dilatation, hence the value of
the air temperature difference (td ~ tde) is ‘an indication of
the state of vaso-dilatation. In the presence of full vaso-
dilatation a high tamperature_difference is consistently main-

ttained. The readings fall: rapidly or vary at random where



gome vago~constriction persists. Three cases of heat extract-
)

ra

tion in a random fashion are reported and presented in Fig. |
It can be éeen that the rate of cooling of these three dogs is
comparatively low,.due chiefly to the faot that the peripheral
blood ves;gls dilate only wreluctantly to give up heat, this is
the explanétion of Lewis' "hunting" concept that vasc-constrict-
sion followed vaso;dilatation, caused by prolonged exposure of
body to a cold medium. Supporting evidence by Burton & Edholm
(1955) indicates that changes in the skin temperature are re-
t1lated to alterations in the peripheral blood flow, and to the
variations of heat extraction in a random fashion. However,
this state of affairzdoes not influvwence the characteristics of

the steady fall of the ocesophageal temperature.

Muscle Temperéture Gr&diéhts

0f the eleven dogs reported for muscle temperature gradient
investigations, before cooling applied, there is a gradient of
about 10°C between the skin and the environment, and the ini-
ttial gradients among suboutaneous, muscle and oesophageal temp-
seratures are relatively large. During the cooling process,
the skin temperature falls drastically whereas the muscle and
subcutansous tissue and ocesophageal temperatures tend to appr-
soach one anothgr, gteadily feducing the temperature gradients.

Gradually then, the amount -of heat extraction must be decreased.



However, the oesophageal temperature is still significantly
higher than the others. Al the end of asctive cooling, the skin
temperature rises very rapidly to its original value, about 10°C
above the ambient temperature, whereas the other temperatures
continue t§ fall, thoﬁgh at different rates. Here the ‘tempera-
s ture gradients among the subcutaneous, muscle and cesophagus
fall into ftwo categories ~- one having s positive gradient
(temperature curves not intercepting one another), the other a
negative value (curves intercepting one another).

It is of interest to note in general, that the veotors of
heat loss from the animal include radiation, evaporation, con-
svection and conduction. However, with surface cooling, radia-
ttion and evaporation are of little consequence. Conduction
and convection are the prime factors in heat transport from the
subject to its environment during the process of active cooling.
After the period of hypothermia, while the animal is being stab-
tilized, radiation sssumes a significant role. In the operating
room, the intensive therapy unii, heating systems and lights
create a re~warnming environment. This may account for the fact
. that in dogs No. 45~9 & 51 (Figs. 46~50 & 52 ) negative temp-
terature gradients are recordéd, i.e. during the stabilization
period, the oesophageal temperature which was initially the high-
sest of temperatures’before and during cooling, is now the low-

sest gf temperaturegﬂ It is also probable that the negative



temperature gradients observed can be dwe to variations in the
temperature of different areas of the skin of the thigh of the
dog. Pennes (1948) found that in comfortable environments the
temperature within the same small area of the skin of the human
forearn var&ed an average of 0.73°C. It may be that at lower
temperatures of the skin and/or environment, these differences
are of a greater magnitude. Since the thermocouple used to mea-
:sure the temperature of the skin of the thigh is not usually
or easily located directly above the thermocouple probes which
measure the subcutaneous and muscle temperatures, variations in
local skin temperafure can accounti for the apparent negative
gradients.

It can be visualized that if the temperature gradients among
subcutaneous, muscle and cesophagus were encouraged to increase
during the period of active cooling, in spite of the reduced
heat production at low temperature, an inereased flow of heat
from the core 1o the periphery for loss %0 the environment would
be the result. However, it.is anticipated that, at lowered body
temperatures, a decreased heat lpss is necessary 1to maintain
thermal balance, This accounts for the collectively gradual re-
tduction of the value of the £herma1 conductivity coefficient k
with the fall of the cesophageal temperature which represents

the core temperature. This leads to the conclusion that the flow

of heat depends.more on conductivity, the convection of heat

—



playing e relatively minor rcle as a result of the reduction in

blood flow at low tissue température.



-

CONCLUSION

From the foregoing experiments 1t ig seen that the further
-development of the Forrester-Brown technique of surface cooling
permits an, effective and controlled administration of hypother-
imia., This method appears most suitable for large experimental
animals including man as it eliminates, through the associated
predictive technique, any possible overshoot of the after-fall
of the core temperature. Further, the subject is easy to handle
and be cared for, no untoward side effect‘having been observed
during or after the period of cooling.

The heat extraction from the animal is independent of the ine-
:stantaneous ocesophageal temperature and found to decrease grad-
sually with time. This obeys Newton's law of cooling, since’ the
temperature difference between the skin and the environuent
gradually decreases as hypothermia progresses.

The presence of vago-constriction tends 4o cause the rate of
heat extraction to fluctuaste, and corregpondingly tends to re-
tduce the rate of cooling of the subject. Hoﬁever, it does not
seem t0 alter the very smooth pattern of the cooling curves of
the oeéophagus. I

The muscle temperature gradients tend to decrease as hypother-
imia progresses. Also the thermal conductivity of the muscle re-

tduces, this accounts for the graduval decrease of heat extraction



necessary to maintain heat balance. Convective heat flow seems
to play only a minor role and conduction is significantly the
mechanism of heat loss in the ﬁrocess of surface cooling.

Polential extension of the work in the future may suitably
be direcﬁ;e:d to the development of a mathematical model of -the
subject for heat regulation and transfer during both normotherm-
:ia and hypothermia and to the establishwment of a mean body

temperature.

¢
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APPENDIX I

Adr Flow Measurements

Table 2 14
ﬂpértufe Length Width Ares o
number © L in b in a in2 \E;iﬁf
1 "7 .48 0.275 2.0407 2.82%
2.821
2 T.48 0.255 1.893%4 2.821
2.819
3 T.46 0.265 1.9618 2.818
: 2.810
4 7.48 0.235 1.7459  2.810
2.82%
5 T e 48 0.275  2.0407 2.821
2,821
6 7.48 _0.273  2,0%380 2.819
2 . 818.
T T .48 0.275 2.0407 2.810
' 2.818

Total 15.5071 in?

(0.1076 £42)

Jq;-in%

1.680
1.677

1.678
1.676

1.675
1.674

1,674
1.679

1.678
1.678

10676
1.675

1.674
1.675

2%.469 in%
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ft/sec

P1 To 76 x (273 + 15.%) B
Po T1 76 x (275 - 10.0) = ++9%7 -
= 1-043 "{ :9
66.2
o ( /Bia + /By + /Moy + /By + /Hx, + /B3y + /Ty + /B gy
- /b5 + /gy + /hgy + /hgp + /g +~/_f5)-—~
= h‘t
66,2 0.05
= 1,043 ¥ 23-469 x—7

5,31 ft/sec

f

= Vy (na) ="V, A

5.31 x 0.1076 f%3/sec

273 + 15.3
27% ~ 10.0 ©

mass flow M = Q g 2

g

(0.00237 x

4,773 x 1072 1b/sec

Y
) lb'8802/f'b4 e Yor i,

\-.

M ds

= 2.17 x 1072

=Mx5

kg/seo

6.505 kg/5 min

LTSN
HRANETE A
H

N f) W

¢
Jf,.r,ﬁ_.‘; Lr-f'.



APPENDTIX TII

Electrical Analogue

The electrical equivalent of the transient heat transfer gystem

of the body'is the discharge of an electrical condenser in a cir-

:cuit with a pure .resistance. The eleoirical equation is

where By = potential at time zero, B = E(s)
R = resistance

C = electrical capacitance

Laboratory Model:

accumulator V, = 12 v. R = 400 K L2
R C = 400 x 103 x 12 x 10~

=2 4-08 gec

Chargings:

)
it
o)

C = 12 &4F



s = 10 sec Vo= Vg (1 - e ?OC) v.
=12 (1 RCY
=3 1005 Ve
Diaohargingi
: E, = V, = 10.5 . v.
b N
1 C
T g
_ AAAAA
R
-5 -8
Bs ., RO o 448
Bo
E 8
or logg 5. -
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L d »
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WM NN R e

Table 3 Electrical Analogue

R = 400 X ohm R = 200 X ohm
EO = Vc = 10,5 . EO = VC = 11.8 v.
sec
_ Eg v. Eg/Eo Eg Vo - Bg/Eg
! 10.5000 1.0000 11.8000 1.0000
5 9,4400 0.8990 g,6000 0.81%0
0 8,5000 .8100 7 .8000 L6610
5 7.6600 .7300 6.3200 5350
0 6.9000 L6570 55,1300 <4350
5 6.2200 .5650 4,1800 . 3540
0 5.6100 .5100 %,%800 .2860
5 5.0600 L4820 2.7400 .2%20
0 4.5500 .43%0 2,2200 .1880
5 4.1100 .3920 - 1,8120 .1530
0 3, 7000 L5520 1.4620 .1240
5 3,%%00 .3170 1.1970 L1010
0 7.0000 .2860 0.9700 .0820
0 2.4400 .2%20 .6380 .0540
0 1,9800 .1890 L4190 .0%55
o 1.6100 L1530 .2780 .02%6
0 1.3100 .1250 .1830 .0155
0 1.0630 .1010 1200 L0102
0 0.8610 .0820 L0790 .0067
0 0.6980  _ .0665 L0530  .0045
0 " .5650 L0538 L0344 .0029
0 . 4580 0437 .0150 .0017%
0 3770 0359
.0 . 3040 .0289
L0 - . 2460 L0234
.0 .1620 L0154
0 .1080 L0108
0 L0710 .0068
0 0464 0044
0 0310 0030
0 .0203% .0019

b
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APPENDTIX IIT

Heat Transfer Eguations

In radial heat flow of a cylinder, the area normal teo the

direction éf flow increases with the radius. The heat flowing

per unit length of the c¢ylinder may be written

dt
Q=2%r q= - k-5§~ 2T

where dt/dr is the temperature gradient at radius r.

From Eg. 17 above

Q,-%I;- = - 277k at
Intgﬁgrating rg . by
i
Q/ri — = -2?katidt
Q 1onge-;§-= - 27k (s =~ %1)
8 2wk (s = ti)
1oga—;§—

If Ay is the mean surface area, Bg. 18 may be written

3 - 1g

' to = by
38 1

Ty = T3

Eq. 17

Eq, 18

Eg. 19

Eq. 20

and let this surface be associated with a value v, of the radius

so that
ty - t3

Q = -~k 27y
. B org -7

Fg. 21



From Egs. 19 & 21

Ty 1
Ts = ¥4 loge.t8
i
i rg -~ i N - (Fmyz gy
oxr Iy = Ap = T S
logehJi
i
S
henoe Q=-k Am
' rs - Ty
also qQ = - k—%%—a h (g ~ t5) Eq. 22

i.e. the rate of conduction of heat to the surface through the
tissue equals the rate of heat transfer from the surface to the

environment.

~_ T

~

Q = _“m(

) = =hA (%, -tg) Eq. 23

Heat loss by cabinet = M Cp tae
heat gained by air = M Cp ta

heat loss by dog + heat loss by cabinet = heat gained by air-

il.e. Q4+ M Oy %ge = M Cp g
tg ~ b3
QEMGP (td-‘- tde) =—kA,‘n(?é-—:—~1:*i—) wﬂh.Am(t&-ts)
= W Gy d | By. 24

The rate of heat loss is not constant, so that the total heat

loss over a period would be the integral of the heat loss rate,



i.e. Heat loss over a period of s minutes

S
=Ji Q ds
o

= area under the curve of Q to a base of time.
This area can be evaluated approximately by taking the summation

EZ:Q ds where ds is a finite increment of +time, conveniently

chosen.
Hence E:Q ds =‘E:W'Gd da

= ZM CP ('E:d - Jﬁde) ds
ox WeCg 2.4 =MCyds y (%3~ tge)

W Cyq » d

!.l
L]
®
»
Py
(3
foR
|
o
o
®
S
il

M Cp ds
N WGy D WD
M GP ds 4

-

- Running total

o P N . .
temperature _ dog's weight x temperature depression

X cabinet constant
difference

W D

2.(tg = %ge)

-
:

BEg. 25



Table 4

Minutes

5
10 1
15
20
25
30
35
40-
45
50
25
60
65
70
75
80
85
90
95

100
105
110
120

Temperature Difference (%3,°C) between inlet
and outlet air when cabinet enpty

19°C
5.24
6.47

©6.57
6.37

6.19
6.06
5.94
5.80
573
5.64

5.56

550
543
.37
5,31
5.27
5.23
5.20
5.17
5.16
5.16
5.16
5416

td§'C at room temperaturess of

D34

20°C 21.°C 22°C 23°C
5.57  5.90  6.23  6.55
6.63 6.78 6.95 7.10
6.7% 6.90 7.07 7.23%
6.50 6.65 6.79 £.93
6.%2 6.44 6,57 6.69
6.17 65.28 6.38 6.50
6.05 6.15 6.25 6.35
5.9% 6.0% 6.13 6.22
5,65 5.9% 6.02 6.10
5,74 5.8% 5.92 6.00
5.65 5.73 5.82 5.90
5:57 5.65 573 5.80
5.50 557 5.65 5.72
5.44 5.50 5.58 5.64
5.58 5.45 5.53 558
5.54 5.40 D47 H:53
5.3%8 5.35 5.43 5.49
5,26 5.33 5.%9 546
5.24 5+30 5. 37 5.44
5.22 5.29 5.35 5.41
5,22 5,28 5 .34 5. 40
5,22 5,268 5,54 5., 40
5,22 5.28 5, 40

24°C
6.88
7.27
7038
7.06
£.82
6.60
6.45
6.%2
6.20
6.10
5.98
5.87
5.78
5.7
565
5,60
5457
553
5.50
547
5046
5446
5.46



Table 5 Dog No. 4, W= 14.5 kg, room temp. 21°C

Oeso.

Minutes semp, G By "C t3e C (tg = tge) °C

5 . 3,30 - 11.87 6.55 5 .32

10 3_ 35.95 1%.88 7.10 6.78

15 35.47 13.50 T.23 6.27

20 34..90 13,20 6.93 6.27
25 34,30 12.87 6.69 6.18
30 33,70 12,33 6,50 5.8%
35 3%.,10 11,80 6.35 5.45

A0 32.62 11.00 6.22 4.78
15 %2.20 (active cooling stopped)

50 3L.38

55 31L.55

60 31,38

65 31.30

70 51 .30



+az

Teble 6 Dog No. 5, W = 10 kg,
Minutes 22;;: o ta e t3e °C
5 37.12 11.00 6.55
10 36 .80 12.%0 7.10
15 36,50 12.55 7.23
20 36,15 11.70 6.9%
25 35,60 11,15 6.69
30 34,90 10,65 6.50
35 34.05 10.25 6.35
40 33,30 9.82 6.22
45 22,70 9.40 6.10
50 32.15 8.98 6,00
55 31.65 §.60 5.90
60 31,22
65 30.80
70 30,40
75 30.14 -
80 29,90
85 29.70
90 29.64
95 29.64

room temp. 23°C
(tq - tge) °C

4.45
5e20Q
532
4.77
4.46
4.15
3,90
3,60
3,30
2.98
2.70



Table 7 Dog No. 6,
Minutes Qeso. %5 "C
temp. C d
5 %6.54 14.63
10 1 36.22 15.05
15\ 35.73 15.40
20 35,25 15.00
25 54.79 14.64
50 54.14 14.34
35 33,60 14.05
40 33,10 13.78
45 32,62 13.50
50 32,20 13.28
55 %1 .80 13.08
60 31.40 12.94
6% 31,00
70 30.60
75 30.%0
80 30,15
85 30,05
90 30,00

95

30.00

-

tge 'C

6.23
6.95
7.07
6.79
6.57
6 .38
6.25
6.13
6.02
5.92
5.82
575

room temp. 22°C

(td - tde) 'C

8.40
8.10
8.35
8.21
8.07
7-96
7.80
7465
7.48
7.%6
7.26
T.21



Table 8 Dog No. 7, W = 21 kg, room temp. 22°C

Minutes 22:;: ' tg °C tge O (tg = tge) "C
5 36.60 10.20 6.23% 3.97
10 | 36.50 12.45 6.95 5450
15 Y 36,34 12.62 7.07 5.55
20 " 36,00 12.35 6.79 5.56
25 35.64 11.90 657 5.33
30 35,26 11.50 6.38 5,12
35 34.85 11.14 6.25 4.89
40 54,42 10.84 6.1% 4.71
45 33,93 10.60 6.02 . 4.58
50 23435 10.40 5.92 4 .48
55 32,80 10.19 5,82 4.37
60 32.50 9.97 HeT3 4.24
65 31.84 9.75  5.65 4..10
70 31.45 - 9.53 5.58 5.95
75 -
80
85
90

95



Table 9 Dog No. 8, W = 14.3 kg, room temp. 23%°C

Oeso.,.

Minutes tomp, G t3 °C tge ' (tg - t3e) C

5 38,05 10.16 6.55 3.61

10 L 37.m 11.90 7.10 4.80

15 . 37.44 12,72 7.23 5.49
20 57,10 12.15 6.93 5,22

25 36,60 11.77 6.69 5,08
30 36,08 11.62 6.50 5,12
35 . 35.60 11.53 6.%5 5.18
40 - 35,17 11.46 6.22 5.24

45 34,67 11.41 6.10 5.31
50 34,10 11.37 6.00 5.37
55 33,45 11.32 5.90 542

60 %2.90 11.27 - 5.80 54T
65 32.40 11.23 5.72 5.51

70 %1.80

5 31.40

80 31.00

85 30,70

90 30,40

95 30.20

100 30.20



Table 10 Dog Wo. 9, W= 26 kg, room temp. 24°C

motes B0 T (am 40 O e
5 41,30 11.00 4,12 2.97

10 41.18 1% .40 6.13 44l
15 { 40.8% 14.64 7.26 5,21
20 . 40.42 14.28 7.22 5.20
25 39,95 1%.92 7.10 5.1%
30 39.46 1%.62 7.02 5.05
35 38.92 13435 6.90 4.96
40 %8.36 13,12 6.80 4,90
45 37 .85 12.90 6.70 4.82
50 37,42 12.78 6.68 4.80
55 37 .05 12,75 6.77 4.87

60 36.77 12.75 6.88 4.95
65 36,42 12.90 7.12 5,12
70 36.10 12.93 7.22 5.20
75 35.64 12.97 7.32 5.26
80 35430 ~12,90 730 5 ¢25
85 34.95 13,20 7463 5450
90 24.50 13.12 T.59 _ 5+46
95 54,08 12.97 747 5.38

100 3%3.65 12.97 7.50 5,40

105 33,18 12.72 7 .26 5 .22

110 32,70 13,20 774 5.57

115 32,20 13.50 8.04 5.78

120 31.84 13.50 ' 8.04 5.78

125 %1 .50 1%.50 8.04 5,78

130 31.10 '

135 . 30.75

140 30,48

145 30.20

150 29,93

155 29.7%—

160 29.73



Table 11 Dog No. 10, W = 3T kg, room temp. 21°C

’

E

I 223;: *C tg °C (td = tde) e kcal/hr/kg
5 41.44 12,56 6.66 337

10 41.30 15.46 8.68 439
15 1 41.20  15.60 8.70 4.41
20 ' 41.02 15.50 8.85 . 4448
25 40.70 15.40 8.96 4.53
30 40.40 15.20 8.92 452
35 40,05 14.92 8.77 4.43

40 39.60 14.60 8,57 4.33
45 39.18 14.36 8.43 : 4.27
50 38,76 14.10 8.2T 4.18
55 38.34 1%.83 8.10 4410
60 37,91 13.63 7.98 | 4.04
65 37.46 13.50 T.93 4,01
70 37.01 13,38  7.88 3.99
75 36,60 1%.28 7.8% 3.96
80 36.11 A3.1% 7.7% 3.91
85 35.46 1%.08 7.7% . 3,91
90 34.88 13.02 7.69 : %.89
95 34,22 1%.00 7.70 3,89

100 33,64 1%.00 7.7 | 3,90

105 33,10 1%.00 772 .90

110 32,44 1%.00 T.72 3,90

115 31.88

120 31,47 :

125 31.10 '

1%0 30.80

135 %0.56

140 30,30

145 30.19

150 .30.19



Table 12 Dog No. 11, W = 20.89 kg, room temp. 22°C

Mimutes  0°SO 83 "¢ (g - tge) € O

temp. "C kcal /hr/kg
5 58.92 11.30 5.07 4455

10 t 38,72 12,70 5.75 5.15
15 " 38,58 13,33 6.26 5,61
20 38,25 12,80 6.01 5.39
25 37.97 12.54 5.97 C5.%5
30 37.66 12.50 6.12 5 .49
35 37 .25 11.60 5¢35 4.80
40 36,90 11.00 4.87 4.%6
45 36,40 11.23% 5.21 4.67
50 35,86 11.80 5.88 5.27
55 35,40 11.46 5.64 5,05
60 34,89 11.66 5.9% - 5.731
65 34,42 11.25 5.60 5.02
70 33.85 11.05 547 ~4.90
75 33,40 11.10 5.57 5.00
80 32.88 11.00 5.5% 4.96
85 32,30 11.00  5.57 5.00
90 31 .8% 10.10 4.71 | 4.22
95 31.24

100 30,63

105 30.26

110 29.80

115 29.50 L

120 29,30

125 29.%0



Table 13 Dog No. 12, W = 2%.2 kg, roon temp., 22°C

Minutes gz;;: e a0 tge 'C (tq - tge) "C
5 40.07 11.86 6,23 5,63
10 {0 39.8% 14.56 6.95 7.61
15 39.56 15.30 7.07 8.23
20 39,30 15.14 6.79 8.35
25 38.98 14,68 6.57 | 8.11
30 38.70 14.36 6,38 7.98
35 38.%6 14.07 6.25 7.82
40 38.00 13.79 6.1% 7.66
45 37.70 13.58 6.02 7.56
50 37432 13.55 5.92 Ted3
55 36.95 13.16 5.82 T34
60 36.57 12.97 5.73 T.24
65 36,12 12.77 5.65 7.2
70 35,70 12.60 5.58 7.02
75 35.30 12.50 553 6.97
80 34.85 12.40 . 5 .47 6.93
85 | 34437 12.37 5.45 6.94
90 55.84 12.37 5.39 6.98
95 33.30 12.37 557 7.00
100 32.76 . 12,37 5.%5 7.02
105 32,20 12.37 5434 “7.0%
110 31.72 - -
115 - 31.35
120 - 31.10
125 30,86
130 30.70
135 30,55

140 - 50.47



Table 14 Dog No, 15,
Minutes Oeso. $y °C
temp. C d
5 38.60 11.70
10 38.50 1%.20
15 38,30 14.10
20 38.00 13.60
25 37.70 1%.20
30 37430 1%.00
35 36.90 12.77
40 36.50 12.6%
45 36.05 12.50
50 35.60 12,40
55 35.10 12,30
60 34.58 12.20
65 34,00 12.12
70 33,50 12.00
75 32,92 11.95
80 32.%2 11.90
85 31.72 11.80
90 31.27
95 30,95
100 30.72
105 30,50
110 30.42
115 30.30 :
120 30.25
125 30.25

W e 2402 kgp

(tg ~ tge) 'C

547
6.25
7.0%
6.81
6.6%
6.62
6.52
6.50
6.48
6.48
6.48
6. 4T
6.47
6.48
6.42
6,47
63T

room temp. 22°C

2.(tq ~ %ag) e

5.47
11,72
. 18.75
25.56
32.19
38,81
45.33%
51.8%
58,31
64.79
TL.27
T7.74
84,21
90.69
97.11
10%.58
106.95



Teble 15 Dog No. 19,
Minutes 2:;;: ‘a tg €

5 38.40 10.10
10 1 38433 12.30
15 \38,15 12.75
20 37.85 12.20
25 37 .50 11.70
30 37 .15 11.3%2
35 36.80 11.20
40 36,35 11.00
45 35.90 11.00
50 35,40 10.92
55 34..90 10.80
60 34.40 10.75
65 33,90 10.70
70 33.30 10.65
75 32.80 ;9.65
80 32,20 10.65
85 31.65 10.65
90 31,20

95 30,60

100 30430

105 30,10

110 29.94

115 29.85 1

120 29.78

125 29,75

130

29.75

W = 18.5 kg,

(tg = tage) °C

3.55
5.20
5452
5427
5.01
4.82
4.85
4.78
4.90
4.92
4,90
4.95
4.98
5.0l
5.07
5«12
5.16

room temp. 23°C

E:(td = td.e) "C

3.55
8.75
14.27
20.54
25.55
30437
35.22
40,00
44.90
49.82
54,72
59 .67
64.75
 69.76
74..83
79.95
85.11



Table 16 Dog No. 20, W = 11.5 kg, room temp. 23°C

inutes oot .o g O (b - tge) O S (g - tge) °C
5 38,70 10.05 3.50 3650

10 38.40 11.50 4.40 790
15 2.58.00 12.30 5.07 12.97

20 57.55 11.90 4.97 17.94
25 36,95 11.50 4.81 22,75
30 36.56 11.10 4.60 27«35
35 35.T3 10,80 4.45 31 .80
40 35.20 10.45 4.23 56.03
45 34.52 10,10 4..00 40,03
50 53,90 9.72 3,72 43,75
55 33,30 9.30 3440 47,15
60 32,70 8.90 3.10 50,25
65 32.10 8.75 3.03% ' 5%.28
T0 31.50 8.2% 2.61 55.99
75 31,13 |
80 %0.90 ~
85 30.70
a0 30¢GO
95 30.50

100 20,36

105 30430

110 30.30



Table 17 Dog No. 2%,
Minutes  ooSO¢ | tg °C
temp, C
5 37 «60 9.90
10 1 37430 11.22
15 36,92 11.55
20 36,50 11.30
25 35.95 10.92
230 35,20 10.50
35 34435 10.13%
40 33,50 9.60
45 %2.50 8.95
50 31,40 7.31
55 30.65
60 30.20
65 20.00
70 29.90
75 29.80 i
80 29.80

W= 8.7 kg, room temp. 22°C

(td = t&e) ¢

3.67
4.27
4.48
4.51
4.35
4.12
.88
5. 47
2.92
1.59

S (%g - tge) ‘C

3.67
T.94
12.42
16.9%
21.28
25 .40
29,28
32.75
35 .67
27,06



LOL

Table 18 Dog No. 24, W = 29.5 kg, room temp. 22°C

Mins. 22;;:°C tq "¢ (tg - tae)'C  »{ta - %ae)°C E;al/hr/kg
5 38,90 12.90 6.67 6.67 4033
10 38.80  14.60 7.65 14.%2 4.85
15 38.66 15,10 8.0% 22.%5 5.10
20 38,50  14.60 7.81 30.16 4.96
25 38.27 14,30 T.7% 57.89 4.90
30 28,00  14.06 7.68 45 .57 4 .87
35 37.72 13.93 7.68 53%.25 4.87
40 37.50  13.90 7.77 61.02 4.9%
45 37,15 13,86 T7.84 66.86 4.97
50 36.82  13.80 7.88 76 . T4 5,00
55 36.47  13.80 7.98 84.72 5.06
60 36,00  13.90 8.17 92.89 5.18
65 %5.52  13.95 8.%0 101,19 5.26
70 35,00  13.40 7.82 109.01 4.96
75 34,48 12,40 6.87 115.88 4.36
80 %% .80 13,20 ~ 7.73 123,61 4.90
85 33,13 12,10 6.67 13%0.28 4430
90 32,47 11,80 6.41 136.69 4.07
95 31,70 . 12,79 742 144.11 4,71
100 31,10
105 30.68
110 30,40
115 30,20
120 30,10
125 30.00
130 29,95
135 29.95

140 29.95



Table 19 Dog No. 25, W= 1%.4 kg, room temp. 24°C

Minutes 22;;: ‘o tq °C (tg = tge)"C > (tg = %ae) 'C
5 %8 .30 9.00 2,12 2.12
10 L 38,17 10.50 3,23 5.35
15 - 37.92 11.35 .97 9.32
20 27 .66 11.10 4.04 13%.%6
25 37 .36 10,97 4.15 17.41
30 37 .10 10.82 4.22 21.65
35 36,70 10.67 4.22 25.85
40 %6 .20 10.50 4.18 30.0%
45 %5.60 10.35 4.15 34,18
50 35,15 10.18 4.08 %8 .26
55 %4.65 10.00 4.02 42.28
60 %4..1.0 9.84 3,97 46 .25
65 3% .50 9.65 3,87 50.12
70 32.85 9.44 373 53.85
75 52430 9.30 3.65 | 57.50
80 31.88 9.10 3.50 61.00
85 31.50
90 31.3%0
95 %1.00
100 30.80
105 30.54
110 30.34
115 30.14
120 30,00
125 29.85
130 29.75
135 - 29.70

140 29.70



Table 20
Minutes 2:;;: .

5 36.92
10 36,70
15 26 .40
20 36.16
25 35.92
30 35.70
595 35.50
40 35430
45 35,00
50 34.70
55 34.40
60 34.10
65 33.80
70 33.50
75 33.10
80 32.70
85 32,20
90 31.80
95 31.40
100 31,00
105 %0.60
110 30.25
115 29.90
120 29.75
125 29,65
1350 29,60
135 29,60

Dog Wo. 26,

tg "C

11.50
13.63
14.50
14.40
14.%3%

14.25

14.18
14.10
13.97
1%.85
1%.60
1%.40
13,23
13.12
15.12

13.12.

135.12
13.12

W = 35.4 kg, room temp. 23°C

<td - tde) "C

4.95
6.5%
7.27
7.47
7.64
7.65
7.83
7.88
7.87
7.85
T.70
7.60
7.51
7.48
7.54
7.59
7.63
7.66

2 (g = tae) "¢

4.95
11.48
18.75
26,22
3%.86
41.51
49.34
57 .22
65.09
72494
80.64
88.24
95.75

103,23
110.77
118.%6
125.99
133.65



s o

Table 21 Dog No. 27, W = 13.45 kg, room temp. 2%°C

Minubes  pon’ .o ta 'O (bg = tae)’C  Y{tg - tae)’C
5 57 040 8.05 1.50 1.50
10 . 37,00 11.00 3,90 5. 40
15 - %6.,65 13.20 5.97 11.37
20 36 .25 12.70 577 17.14
25 35 .90 12430 5,61 22.75
30 35.53 11.80 5430 28,05
35 35.00 11.30 - 4.95 33.00
40 34,40 10.80 4.58 37 .58
45 33.75 10.2% 4.13 41,71
50 33.19 9.70 3.70 45.41
55 52,60 9.17 3,27 48.68
60 52,10 8.76 2.96 51.64
65 31,60 8.40 2.68 ' 54,32
70 31.14
5 30,60
80 30.26
85 30.08
90 29.92
95 29.82
100 29.78
105 29.75

110 29.75



Table 22 Dog No. 35,
Mins. 22;;:..0 tg ‘C
5 41.00 14.80
10 40.80 16.05
15 46.55 16.65
20 40.20 16.19
25 39.80 15.74
30 %9.33% 15.38
35 38,80 15.03%
40 38.,%% 14.77
45 37.75 14.47
50 37.25 14.22
55 36,73 13.93
60 36 .20 1%.7%
65 3575 13.55
70 35,25 1%.%8
75 34.80 1%,18
80 34.25 13,02
85 33.70 12.86
90 33,10 12.72
95 52.55 12,58
100 31,95 12,45
105 31,40 12.37
110 3090
115 20,60
120 30,30
125 30,20
130 %0.15

135

30.15%

W = 28.6 ].Cg"
(ﬁﬁ - tde).c

8.57
9.10
9.58
9.40
9.17
9.00
8.78
8.64
8.45
8.30
8.11
8.00
7.90
7 .80
T.65
T+55
T.43
T+33
7.2
7.10
7.03

room temp. 22°C
E:(td ~ tde).c

8.57
17.67
27.25
26,65
45 .82
54..82
6%.60
72,24
81.69
89.99
98.10

106.10
114.00
121.80
129.45
1%7.00
144.4%
151.76
158.97
166 .07
173.10

H
xeal/hr/kg

5.60
5495
6.27
6,15
6.00
5.88
5.75
5.65
5.53
5.43
531
5.25
5.17
5.10
5.00
4.9%
4.86
4.80
4.72
4464
4,60



Table 23 Dog No. 36, W = 15.5 kg, room temp., 22°C

Mins, posoeg ta O (% - ae)'C  Dl%a - bae)'®  yoa e
5 59.00 11.59 536 536 6.49
10 38,80  12.96 6.01 11,37 7.36
15 38,50 13,54 6. 4T 17 .84 7.82
20 38,00 13,00 6.21 23,05 7.50
25 37,60  12.65 6.08 29,13 7.34
30 37.10  12.26 5.88 35,01 7.10
35, 36.50  11.91 5.66 | 40,67 6.84
40 35,90  11.59 5.45 46,12 6.60
45 35,35  11.30 5.28 ' 51 .40 6.38
50 34.70  11.0% 5,11 56,52 6.17
55 34,00  10.76 4.94 61 .46 5.96
60 33,20 10,48 4.75 66.21 5.4
65 32.40 10.25 4.60 70.81 5.55
70 %1.60 9.97 4.39 75.20 5.30
75 31.10
80 30,60
85 30,20
90 29,90
95 29.70
100 - 29,60

105 29,60



Table 24 Dog No. 3
Wins. 22;;: o ta°C
5 38,70 12,51
10 38.65 14.37
15 38,60 15.72
20 38,30 15,11
25 37 .95 14.69
30 57.70 14.23
35 37.25 13.88
AD %6 .90 13,54
45 56,50 1%.23
5Q 36 .05 12.88
55 35,55 12,58
60 3495 12.3%4
65 34430 12.06
70 33,70 11.87
75 3%.,00 11.69 _.
80 32.20 11.57
85 31.70
90 31.20
95 30.75
100 30. 40
105 20.20
110 29.95
115 29,90
120 29,90

Ty

10/

W = 23.% kg,
(tq ~ t@e)"C

5.63
7.10
8.54
8.05
787
7.6%
7.43
7.22
7.03
6.78
.60
604?
6.28
6.16
6.04

5.97

room temp. 24°C
2. (tg - tge)’C

5.63%
12.73
21,17
29,22
3% .09
A44..T2
52,15
59.37
66,40
73.18
79.78
86.25
92.5%
98,69

105.73
111.70

H
keal /or/kg

4.53
5.71
6.70
6 .47
6.%2
6.13%
5,97
5,80
5465
5,45
530
5.20
5.05

4495
4.85
4.80



Table 25 Dog No. 41, W = 24 kg,

Mins. 223;: ¢ (ta - tae)'¢  3(ta - tae)'C ﬁbal/hr/kg “fgiﬁ. "¢
5 40.55 7.25 7.25 5.65 28.20

10 40,40 E 8.30 15.55 6.47 26,00
15 40,10 . 9.17 24,72 7.16 24.00
20 39,60 8.87 © 33,59 6.92 22,20
25 39,15 8.64 £2.23 6.74 20,40
30 38,70 8.38 50,61 6.54  18.80
35 38,10 8.10 53.71 6.32 © 17.30
40 37 .56 7.91 66.62 6.17 16 .00
45 36,90 7.76 7%.38 6.06 14.90
50 36 .40 7.56 80.94 5.90 13,80
55 35490 T.453 88.5T 5.79 12,90
60 35,20 7.29 95 .66  5.69 12.10
65 34,74 7.18 102.84 . - 5.60 ., 11,50
70 34.27 7.05 109.89 5 .50 " 10.80
75 33.75 .95 ~  116.84 5442 10.40
80 5%.25 . 6.83 . 123,67 - 5.33 10.00
8% 32,70 6.73 130.40 , 525 9,70
90 32,15 6 .60 ~ 1%7.00 515 9.50
95 31.70 |

2100 31.%0

105 30,90

110 30,60 |

115 30.30 1

120 30,20

125 30.10

1350 30.10



surface area Ay = 0.933 0 ; room temp, 22°C

Depths h 5 k
1 cem °C 2 em °C keal /m” /hx/*C kcal/m/hr/"C

29,2 40.0 . 3.55 0.286
38.8 - 39,6 4.31 0.305
58.4 39.2 5.42 0.299
38.1 %8.7 5.5% 0.266
377 38.2 5.70 0.240
3743 377 5.83 0.220
36.9 37.3 5.95 0.201
36.5 36.8 6.10 0.188
36,1 %6.3 6.25 0.179
25,7 . 35.8 6.38 0.178
%542 35.3 6.50 0.163%
34.8 34.9 6.60 0.158
34.5 54 .4 6.70 0.155
339 53.9 6.78 0.155
53.4 535 6.83 0.149
32.9 33%.0 6.85 C.146
22.5 32.5 6.84 0.146
32.0 32.1 % 6.78 1 0.145
31.5 31.7 '
21.0 31.2

30.6 %20.8

30.3 30.5

%0.0 30.3

29.8 30.1

29,7 30,0

29.7 29.9

29.7 29.8

29.8 29.8



Table 26 Dog No. 42, W = 10.5 kg, Z

Hins, g0t eg (ba - ta0)'C N(ta - %40)°C o temes G
5 39,90 2.87 2,87 5.12 24,0
10 39.50 1 3.95 . 6.82 7.04 20.%
15 39,10  \  4.83 11.65 8.61 18.0
20 38.60 L4461 16.26 - 8.21 16.%
25 38.00 4.48 20.74 7.99 15.%
30 37,30 4.32 25,06 7.71 14.4
35 36.70 © 4.15 30.21 7 .40 13.4
40 36,00 4.07  34.28 7.25 - 12.7
45 35,30 3,93 38,21 7.01 7 12,2
50 34.50 %2.8% 42,04 6,83 11,78
55 33.80 5.7% 45.77 6.65 1.2
60 33,20  3.67 49 .44 6.54 10.8
65 32.70 3.60 5%.04 6.42 - 10.5
70 32,10 3.52 56 .56 6.27 . 10.3
75 31,60 . '
80 31,10
85 130.60
90 30.30
95 30,20
100 30.15
105 30,10

110 %0.10



surface area Ay = 0.537 m?, room temp. 22°C

Depbhs h X
1 em °C 2 em “C kcal/m?/nr/*C xcal/hr/m/*C

377 59.0 - 4.10 0.1%4
37.1 38,4 4.60 152
36,5 37.9 6.00 212
36.0 37.3 6.10 191
35,5 36.7 6.17 .183%
35.0 6.1 6.16 173
344 35.6 6.17 163
33,8 35.0 . 6.23 .159
5%.3 34.5 6.16 «154
32,8 3%,8 6.15 151
32.3 33.3 «6.13 147
31.9 32.8 6.15 .145
31.4 32,2 6.13 “ .138
31,1 31.6 6.04 | 144
30.8 31,2 -

30.5 30,8

50.2 30.6

30,0 30.4

29.9 30.2

29.8 30.0

29.7 30.0

29.6 29.9



Table 27 : Dog No. 43, L W o= 27 kg,

Oeso. . . g | Skin :
MWns.  4onp. e - (Pa = tae) 0 Lta - tae)"C keal/br/kg  temp. °C.

5 39.20 0 3.95 .- . 3.95 2.74  24.0°

10 38.85 7.0 1135 5.13 21.2

15 38.60 . 8.57 . 19.92 . .5.95  19.0 =
20 58.30 - 8.47 28.39 5.88 7.2
25 58,10  8.36 . - 36,75 . 5.80 . 16.0 it
30 37.80  8.20 4495 5.68 14,9 ..
35 37.50 7.95 | 52,90 5.51  14.2
40 . 37.20 7.78 - 60.68 540  13.6 '
45. 36,75 7.55 | - 68.23 - 5.23 . 13.1

50 36,40 7.30 O T5.55 5,06 . 12.T7

55  36.00 - 7.15 82.66  4.96 12.3

60 35.50 7.00 89,66 4.85 120

65 35,00  6.88 96.56 4,77 . 11.7

O 34.50 6,76 10%.32 468 - T11.5

75 34.10 6.72 ~  110.04 . 4.66 . 11.2

80 33,60 6.72 ' 116.76 4.66 11.0

85 53,10  6.71 123.47 . 4.65 10.9 )
90 32,60 6.64 130,11 4.6 10.7 "
95 32,10 - 6.56 T 136.67 4.55 . 10.5
100 31 .60 ' - -

105 31,25
110 30,90 -

115  30.75 b
120 30.50 o | D i PE
125 30.35 R SR
130 30,30 o - : : /f S . S
135 30.350 . S



4V

surface area A, = 1.01 me, roon temp. 23°C
Depths h k
1 om °C 2 cm *C 3 om °C  keal/w?/hr/°C  keal/m/hr/°C
27.0 37.9 38.6 2.16 0.215
3647 57.7 38.3 4440 <344
36.3 374 38.0 5.50 . +355
36,0 37.2 57.8 577 | 327
3547 36.8 . 37.5 5496 . +309
35,3 36.5  37.1 6.10 .29%
35.0  36.1 36.8 6.09 .281
34,7 35.8 36.% 6.11 272
34,3 35,4 36.0 6.05 .262
33.9 35.0 35.5 5.95 .255
33.5 ' 34,7 352 5.95 248
35.2 54.2 34.8 5.90 244
32,8 33,8 34,3 5.87 0242
32,4 3344 33,8 5.82 . .240
32,0 33,0 3% 4 4- 5.86 . 238
31,7 32.5 32.9 5.9% .244
31.2 32.0 32.5 5,94 . 246
30,8 - 31 .65 32,2 5.95 245
30.4 31,2 . 31.5 5492 2244,
29,9 30.8 1.2
29.7 5045 30.9
29.5 30.2 - 30.7
29.3% 30,0  30.5
29.2 29.9 30.3
29.1 29.8 0.2 0/
29.1 29.7 30,1 ///
-/



Table 28 . ~ Dog No. 44, W = 34 ke,

Oeso. Skin

. - . .. E
Mins. temp. °C __(td - tde)_ ¢ . _Z(td - %de) C_ "kcal/nr/kg  temp. °C

5 41.07 - 10.10 . 10.10 . 5.56  25.8
10 41.06 . 9.70 - U T 19.80 - 5.34 2344
15 41,05 ] 9.31 e 29,11 . 5.07 21.2

. 20 40.80  \ 9.20 .. 'l 38,31 5.00  19.5
25 40.50  © 9,09 14 AT.40 - 4,94 17.8
- 30 40.25 - 8.86 . . . 56,26 ' - 4.82 16.5
35 39.80 8,67 U h 64093 - 4072 - 1503

40 39.60 855 . o T3M48 - 465 T 143 U
45 39.00  8.40 - 8188 .. 45T 135

50 38.50 8.27 . 90.15 . 7 450 . 12.8
55 38.00 8.16 . - 98.31 . 44 12.2

60 355 805 10636 438 1le 0

65 37,10 - 8.00 . 114.36 - 4.35 11.4
70 36,60  7.88 122,24 4,29 11,0
75 - 36,20 7.8 . 1302 4,29 .10.7 © 0
80  35.70 .. T4 - 137.86 . 421 . 1044 - .
85 35,10 7.2 145.58 . 4.20  10.1 ,
90 34,50 - T7.70 153,38 419 9.9
95 33.90 = 7.58 © 161,96 4.2 9.7

100 33.30  7.60 . 169.56 . 4.4 9.5
105 32.80 7.53 - 177.06 - 430 9.4
110 32,10 7.50 © o 184.56 0 . 4.08 - 9.3
115 51,75 L7800 U 192,06 . - 4.08 . 9.2
120 3,30 - 7.50.° 199.56. . 4.08 - 9.1
125 30,80 B U P o -
130 30,50 o LE
135 30.25 R
140 30.10 o e S
145 - 30,00 R
150 30.00 el




surface aresa AS = 1.175 mz, room temp. 22°C

Depths h k

1 em °C 2 em °C % cm °C kcal/m?/hr/°C  kecal/m/br/°C
%8.6 40.7 41.0 4.50 0.453
38,3 40.4 40.8 4.62 . 381
38,0 140.0 40.5  4.T1 .330
37.7 39.8 40.2 4.91 .299
37 +4 394 39.9 5.14 .276
37.0 39.0 39.5 5.26 «259
36,8 38,6 39.2 5.41 244
3643 28.2 38,8 5.5% <234
36.0 37 .8 %8.5 5.64 «226
35 .6 37.3 38.0 5.71 - .221
35.2 57.0 37 .6 5.79 215
3448 36.5 37.1 5.82 214
3444 36 .0 36,7 5 .87 212
34,0 35,5 %6.2 5,91 .211
3%2.5 35.0 35,7 6.00 .212
33,1 3446 35,2 5.96 211
32,7 . 34.1 34 .8 6.05 .211
32,2 33,6 34,2 6.10 214
31.8 3%.0 33,6 6.06 214
z1.3 32.5 33,1 6.15. 217
30.7 32.0 32.5 6.12 .220
30.3 3L.5 32,0 6.11 .222
29.8 31.0 3145 6.14 .226
29.5 30.6 31, 6.8 | .229
29.% 30.3% 30.7 '
29,2 30.0 30.4
29.1 29.8 20.2
29.0 29.6 - 29.9
29,0 29,5 28,8

29.0 29,4 29.7



Mins, 2:;;: .
5 38.80
10 38,70
15 38.65
20 38,20
25 57.90
%0 57.50
35 27.05
40 36.55
45 36,10
50 35.55
55 35.10
60 %4455
65 3%.90
70 3% .20
75 32.55
80 31.70
85 31.20
90 50.75
95, 30.30
100 30.00
105 29.70
110 29.60
115 29.60

Table " 29

. . g

L am

7+50°

8.10

. 8'. 21

T.95
T+T5
T.52
734
7.08
6.86
6.64
6.41
6.22
6.06
5.88
5.TT
5.71

Dog No. 45"?

7.50
15.60
23.81
31.?6
39.51
47.03
54.,37
61.45
68.%1
74.95
81..3%6
87 .58
93.64
99.52

105.29
111.00

W = 21.8 kg,

- 6.45

7.01
7«05
6.82
6.66

6.46

6.30
6.08
5.89
5.70
5.50
5.34

5.20 |

5.05
4.96
4.90

Skin

. temp.

%6.3
24,2

22,2
20,4
18.8
17.2
15.7
14.5
13.5
12.5
11.7
11.0
10.3%

9.9

9.5
9.2

°C



i<

surface area Ay = 0.875 m2, room temp. 22°C

Depths h k
1 cm °C 2 om °C  keal/m?/hr/°C  keal/m/br/°0C

5743 . 38.5% - 4.41 0.+33%5
37.0 38,0 5.10 .316
36.7 37 .8 5.45 277
36.4 37.5 5459 .245
36 .0 37,2 5,77 222
35,7 36.8 5,92 .203
35,3 36.% 6,11 .188
35.0 35.8 6.18 176
34.5 3543 6.26 165
34,1 34.9 6.%51 156
3%3.6 34.3 6.32 .149
- 33.2 33.9 6.35 143
32,7 33,3 6.40 138
‘32,% 32,8 6.51 .135
31.8 32,2 6.55 134
51.3 . 31.6 6,37 134
30.8 31,0 |
50.3 30.5
30,0 30.2
29,8 30.0
29.8 29,8
29,9 29.8

29.9 29.8



Table 30

—-" =~
-

Mins. 22;;:

5 40.80
10 . 40.70
15 40.65
20 40.30
25 39.95
30 %9.45
35 59.05
40 38,60
45 %8.05
50 37.60
55 36.95
60 36,50
65  36.00
70 35.50
75 35.05
80 34,55
8%  34.05
90 53.50 -
95 32.75

100 32.15
105 51.60
110 31.20
115 30.80
120 50.50.
125 30.25
130 30.05
135 30.00
140 30.00

6.90

9.20
9.85

- 9.62

9.39
9.26
9.05
8.89
8.T72
8.55
8.40

8.28

8,15
8.07
8.00

- T.90

T.75
7.64
7.53

T.45

T.40

Dog No. 46,

6.90
16.10
25.95
35.57
44.96
54,22
63,27
72,16
80.88 -
89.43
97.83% -

106.11
115.26
123.%3%
 131.33
139.23
. 146.98
154,62
162.15
169.60
177.00

W - 29.8 kg,

™ A E
o (ta "' tae) ¢ Z(td - t3e)"C L;oal/hr/kg_

4.3%
5.78
6.04
5.90
576

5.68

D55
545

535

5.24

. 5015

5,08

;5'00

4.95

4490

4485

475

4.68

C4.62
45T

4.54

Skin
temp.

26.8

. 25.0

23.4
21l.8
20.3
18.9

17.7 el
16.4

15.3

14.2 -
13.3

12.6

. 11,8
11.3 b
0.7
10.3 .o
Lo 999
9.6 o
95
9.5
294

*C



=i/

surface area A4, = 1.077 mz, room temp. 23°C

Depths h k

1L em °C 2 cm ‘C % e¢m °C koal/m?/nr/"C keal/m/hr/"C
39.1 40.2 40.6 3. 25, 0.372
38,8 L 40.0 . 40.3 4.57 - 448
38,5 139.6 40.0 5.00 .430
38.1 39.3 29,8 5.1% .388
37.7 58.9 39.4 5425 « 357
374 38.5 9.0 He43 « 534
37.0 - 38,0 38.6 5455 | 314
36.5 3T.7T 38.2 5.71 «295
36,2 37 o2 37.8 5,85 . .281
35,7 36.8 3743 6.00 .268
35,3 36.3 36,9 6.10 .258
54,8 35.8 3644 8.00 <252
34.4 35.3 35.9 6.35 <246
34.0° 54.8 35.4 6.43 «243
33.6 34.3 34.8 6.5% «240
33.0 33.7T 24.3 6.61 | +239
52,6  33.2 33,7 6.60 .237
3242 32.7 33.2 6.59 234
31.6 32,2 32.7 6.56 .235
31.0 31,6 32.1 . 6.49 239
30.4 31..0 31,5 6.45 243
30.0 30.3 30.5 - '
29.9 30.4 30.7 |
29.9 50.3 30.5
20.0 30,2 3044
30.1 30.2 3043
30,2 30.2. 30,2

3003 50.2 30.2



Table 31 Dog No. 47, "W o= 28 kg,

Qeso. . . : | * B | Skin
~ Mins. temp. °C (tg - tge) C’ 2(ta ~ t3e)"C kecal/hr/kg  temp. °C

5 40,80 T.88 7.88 5.27  29.3

10 40,70 ,9+10 : 16.98 . 6,09 27.5
15 40,40 ‘9,72 26,70 6.50 . 25.8
20 40.05 9.50 36,20 6.35 . 24.3 .
25 39,60 9.31 - 45 .51 Y 6.22 22.8
30 39,15 . 9.05 | 54,56 6.04 21.3
35 38.60 8.83 63.39 5.90 ©19.9
40 38.10 8.67 72406 5.80 18,7
45 3770 8.46 | 80,52 . 5.66  1T.5
50 37.00 8.32 88.84 5.56 16.4
55 36 .40 8.15 96,99 . 5.4 15.5
60 35.90 Tt ' 104.96 533 14.7
65  35.40 7.87 | 112,83 5.26 140
70 35,00 7.78 © 120.61 520 0 134
75 54,50 7.6% | 128,24 5,10 °© 1248 -
80 34,00 . - T.60 T 135.84 5.08- - 12,1
85 3%3.50 Ted5 | | 1434359 . 4.98 1.7 .
90 33,00 Te32 151,71 - 4.89  11.4
95  32.25  7.25 . 158.06 4.84 11,3
100 31,50 - T.14 166,20 4.77 S22
105 31,00 | I
110 30,70 .
115 30,20 S - S R
120 30,00 ' - o '
125 29,80 S B ‘ ,
130 29.70 o n . oo T e ‘ P
135 29,70 - . . /,-', g . _ : )



Sl e

surface ares Ag = 1.035 m2, room témp. 22°C
Depths n k
- L ecm °C 2cn °C 3 ¢m”C kcal/mé/hr/"C kcal/m/hr/°C
38.3 394 40.2 3.6% 0.560
38,0 . 39.2 39.9 4.40 570
57 .8 . 38.8 39.6 4,90 537
57,5 38,5 39.4  5.00 .488
57 % 38.2 38,6 5.13 452
36.9 37.8 38.5 5.21 . 408
36.6 37 .4 38.1 533 378
36.% 37.0 577 5«46 <355
35.8 36,6 57.3 5.56 .332
3545 36,2 36.8 5.69 316
55.0 35.8 26.3 5476 ' . 504
34.7 5.5 35.8 5.82 «294
34,2 34.8 35,2 5.91 .288
33,7 34,2 34.8 6.08 | .278
33.% 33.8 3443 6.02 .275
32,8 35.3 33,7 6.21 .273
32.3% 32.8 33,1 6.20 273
51.8 32.% 32.5 6.17 .270
31.3 31.8 32.0 6.27 | 272
31.0 31.3 31.5 6.09 273
30.5 50.9 31.0
30.2 - 30.6 30.7
30,1 30.2 30.3 |
30.0 30,1 30.1
30.0 30.0 30,0
30.1 30.0 29.8

30.% 320.0 29.8



. ' . . H
(tq - t&e) C §:(td - tae)'C keal/hr/kg

Table 32
Mins., ggzg: o
5 38.70 Ae54
10 38,40 5.02
15 %8.10  5.11
20 37 .60 4,92
25 37.10 4.71
30 %6.55 4.52
35 35.90 4.38
40 35.25 4.18
45 34.50 4.02
50 33,65 3,88
55 32.80 3.69
60 32.00 3.5%
65 31.30
70 30.80
75 30..40
80 30.05,
85 29.80
90 29,60
95 29.50
100 29.50

Dog No. 48,

A.34
9,36
14.47

. 19439
24,10
28.62
33..00
37,18
42.20
46.08
4977
53.3%0

. W= 11 kg,

7.38

8.55
8.70
8,37
8.02

7070

T4

T.12
6.8%
6 .60
£.28
6,01

Skin
temp.

24.1
19.2

17.0
15.2
1358
" 12,5

11.6

- 10.9

10.3%
9.9
* 9.6

9.5

‘C



surface area A, = 0.555 m?, room temp. 23°C

Depths h k

1l cm °C 2 cm *C kcal /hr/m2/*C kecal /hr/m/°C
36.9 38,2 4.29 0.259
%6 .4 D37, 5.80 .228
35.8  37.2 6.39 211
25,3 36.7 6.58 .203
34..8 36,1 6.67 .187
34,2 %5.6 6.78 .17%
33,7 35.0 6.8% .165
3%.1 34.4 6.72 157
32.5 3%.8 6.67 151
31.9 33,2 6.56 .146
31,3 32.5 6.%4 J142
30.7 31.8 6.11 .139
30.4 31,2

30.3 20.6

30.3 30.3 -

30.3 - 30,1

30.3 30.0

30.3 30.0

50.5 29.9



Table 33 Dog No. 49, W = 16.8 kg,

Wans. 2232: ¢ (8- ta0)’¢ 2{a - tae)’C -ﬁ?al/hr/kg ﬁﬁiﬁ. "c
5 39.00 3,67 5.67 4.08 24.8

10 38.90 L 4TS ~ 8,42 ' 5.29 22,7
15 38.77 5435 13,77 5.96 2L.1
20 38.50 5.11 © 18.88 5.70 19.6
25 38.08 . 4.8% . 23,71 538 18,2
30 37 .66 470 28.41 . . 5.253 16.8
35 37.27 4.50 32,91 5,01 15.7
40 36.90 ‘ 4443 5T« 354 4.93% - 1444
45 36,42  4.38 4172 . 4.88 13.4
50 36.0% 4431 , 46,03 4.81 12.5
55 35,62 4.24 50.27 4,73 - 1L.6
60 35.34 4.19 54,46 4.67  10.8
65 34.94 4.5 58,61 4.6% 10,2
70 34.60 4,12 62.73 4.60 9.5
75 54430 4.04 66,77 4.51 9.0
80 %%.,90 3,98 T 70.75 444 8.
&5 33.60 3.94 T4.69 4.40 8.3
90 33.28 3,94 78.63  4.40 8.2
77 52.90 590 . 82.53 4.35 8.1

100 32,50 .

105 32.14

110 31,66

115 31.15 1

120 30,70

125 30,28

130 30.00 | ‘ ‘ |

135 29.83 C ,

140 29,90 ~ )

145 . 29.70



Ll B

gsurface area AS = (0,736 m?, roon temp. 22°C

Depths h k
1om °C 2cm 'C  keal/m?/nr/°C  keal/m/nr/'C

36,8 38.3 2.67 0.175
36,5 . 38.0 3,70 .198
36.3% - 37.8 4.40 .202
36,0 37.5 4,42 .180
35.8 3743 4,38 160
55.5 %6.9 4.48 o147
35.3 367 4oa? 135
35,0 6.3 460 .128
34,7 36.0 4,78 122
5343 5.7 4.90 117
34,0 35,3 5,02 113
33.7 35.0 5.15 .109
33.4 34.6 5.26 .107
535.1 o 34.2 5,40 105
32,8. 33,8 5,45 .10%
32,5 33.3 5.45 102
32,1 33,0 5,51, .101
31.7 32.5 5.54 .103
31,3 32,1 5,51 .103
30.8 3L.7
. 30,5 31,3
30,0 30.8
29.7 30.3 .L
29.7 30.1
29,8 30.0
29.9 30,0
30.1 .30.0
30,2 30,0

30.3 30.1 -



Table - 34 Dog Wo. 50, . W= 18.9 ke,

. &

s 0930. " . H . Skin
Mins. o0 eg (b2 - %ae)°C Llva - %ae)'C ou) fhr/kg  temp. CC

5 40.05 6.67 . 6,67 6,60 2% .5
10 39.85 6.70 15,37 6.6% 20.6
15 39460 16,78 20.15 6,71 19.1
20 39,30 6.06 26.21 . 6.00 18.0
25 39.00 5,53 374  5.48 17.0
30 48.75 522 56,96 5.16 16.2
35 %8 .40 4.91 41,87 T 4.86 - 15.3
40 %8.00 4.72 46 .59 4.66 © 145
45 3770 4.56 51.15 4.51 o 13.8
50 37.30 445 55.60 = 4.41 13.3
55 . 36.90 4.38 1 59.96 4.33 . 12.8
60 36450 437 L 64,350 432 0 123
65 36,10 4.%8 68.73°"  4.33 11,8
70 354,70 4.42 73.15 43T ‘11.5
75 35.20 4.42 | T7.57 437 - L11.2
80  34.70 4.42 81.99 4.3  10.8
8% 34.25 4.4% 86.42 . 437 . 10.5
90 3%.75 C4.41 90.83% i 4,36 10.2 s
95 33430 4.38 95.21 . 4.33 9.9 . -

100 32.80 4.40 - 99.61 4,35 - 9T
105 32,25 4.36 104.97 - 431 9.4
110 31,70 . 4,36 . 109.33 4.31 09y2 .
115 31,20 _ o o S o

120 30,75 ' | R

125 30.40 -

130 30.20

135  30.00

140 29.85

145 29,80

150 29.80
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surface area A = 0.795 m2, room temp. 22°C
Depths : h X
1 om °C 2 om °C  koal/m?/nr/°C  kecal/m/hx/°C
37.1 39,2 - 4.68 ©0.250
36.9 3849 . 5.15 $522
36 .6 . 38.6 " 5.48 .202
36,3 38,4, 5,10 172
36.0 38,0 4.8% \15%
35.8 37 .8 . 4.69 140
25.5 . 573 4.58 129
35,2 37.0 o 4.5% 121
34.9 36.7 4.51 115
547 36,3 "4.450 .115%
54 .4 35.9 4.52 .110
34,1 35.6 4.63 .109
33,8 35,2 4,72 | .108
33.5 34.8 4.85 .110
3%,2 3443 4.92 .111
32.8 33,9 5301 2112
32,5 33,5 5.08 " J112
32,2 32,0 5.14 112
31,7 32.6 5,19 112
31 .4 %2,2 5.26 J113
30.8 31,7 5.29 ,113
30.5 31,2 5433 114
30,1 30,7 |
29.9 30,4 ‘
29.7 30.2
29.5 30.0
29.4 29.8
29.3 29.7



Table 35
Mins, 0080
5 39.50 1.05

10 39,20 14470
15 38,70 % 5.97
20 38,20 " 5.77
25 37.75 5451
30 37.25 520
35 36,75 4490
40 36.25  4.58
45 35.75 4.25
50 35425 4.00
55 34.75 3.60
60 34420 3.50
65 33,65 3,08
70 33,10 2,76
75 32,50 2.62
80 31,90 - 2.32
85 31,40 2,11
90 30.85 |
95 30.50

100 30,20

105 29.90

110 29.70

115 . 29.70

120 29.70

Dog No; 51,

1.05
5+75
11,72
17.49
23,00
28.20
33,10

37 .68
41.9%
45.93
49.53

- 53.03
57.11
59.87
62.49
6%5.81
67.92

W = 12.5 kg,

I ) H
‘¢ ($a - tae)’C Xlta - tae)'C koal/hr/kg

1.57
7.03
8.95
8.63
8.25

7.78

T+33

6.85

6.36

5.98

5.39
5.24

4.61

4.1%
3,92
3647
%.16

Skin
tenmp.

24,0 .
20,4

18.8

16.5

15.1.
14.0

13,1 .,

12.3
11.7
1l.2
10.6
10.2

10,0
. 9.8

9.6
9.5
9.4

‘C



L O

surface area A = 0.605 m?, room temp. 23°C

Depths h ' k

1 cm °C 2 cm °C keal/m/ar/*C kcal/m/hr/*C
37 .6 38.6 0.96 0.060
37 .1 38.1 4.76 .205
36.6 L 37,7 6.55 .238
36,0 37.2 6.72 212
35.5 36 .7 6.78 .195
35,0 36,2 6.70 .180
54..6 35,7 6.55 .165
34.2 35.2 6.3%4 +153%
33,7 34.8 6.07 .140
33,2 34,5 5.86 .1%1
32.8 33,8 530 119
32.2 33.3 535 116
32,0 32.8 4.76 .10%
31.5 3244 4.32 | 094
3.1 31.9 4.12 .090
30.7 31.4 3.67 .08,
20.3 30.9 3.37 Q075
30,0 30.5

29.9 30.3

29.9 30.1

29.9 30.0

30,0 30.0

30.1 29.9

%0.2 29.9
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APPENDIX IV

Bvaluation of Cabinet Constant

Bog No. 10

Weight of dog W = 37 kg

Initial oesophageal temperature = 4l.44 °C

Reguired cesophageal temperature = 30.00 °C ‘

Desired temperature depression D = 41.44 - 30,00
= 11.44 .c

from Table 11 Y (tg - Bge) = 178.22 °C
Applying Bq. 25 K = vo ., 3Tx11.44

2.(tg = tge) 178.22

= 2,38 kg at S5-minute intervals

Table 36

Dog No. X

2.45%

1.59
1.20

4

>

6

K4 2.09
g 1 * 7'5‘
P, 1.75
10 2.38
11 1.87
12 1.3%8

Hence the mean value of constant X for the cabinet calibrated

at S-minute intervals is taken as K = 1.83
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Tvaluation of Svecific Heat of the dog

WD . M Cy ds

1.8% = 6.505 gd0.2397

Cabinet constant K =

Cq = 0.852 keal/kg/"C

This is the overall specfic heaé of the intaot and perfused

animagl.



APPENDIX ¥

Prediction of Total Heat Extraction

In all cases the reguired final oesophageal temperature is to
be kept a% 20.00 °C,

Knowing the initial oesophagesal temperature, hence the temp-
terature depression D, and the constant X, the precoocling cal-

tculstion can thus be evaluated:

. WD .
Ez(td - “de) *TK o

Pypical calculation

Dog No. 26 (35.4 kg)

Initial oesophageal temperature = 36.92 °C
Desired temperature depression D= 36,92 - 30.00
- = 6.92 °C
Precooling calculation E:(ﬁa - t3e) = WKD = 55'41x8§'92
= 133.8 °C

i.e. when the sum of temperature differences taken at S-minute
intervals reaches a total of 13%.8 °C, active cooling is stopped.
For dog No. 26, the actual oesophageal temperature attained

ol

is 29.60 .C

39.00_5»-O 29.60_ _ 1 55 o

Hence aTTOr =
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APPENDIX VI

Bvaluation of Thermal Conductiviity (k) & Conductance (h) of Muscles

ts - i
QnHW:a:B:!ICP (tdmtde)n-kﬂm(-i—;—:—r—i—-)m—hAS (tg ~ tg)

Tg = T I, 2
rp ™ = : by = ¢ rm )< Ag
logg— °
Y
Typical calculation
Dog No. 47 (282kg) Surface area Ag = 1.035 "a

Depth of maximum needle penetration = 3 cm

rg = 10 cm r{ = 7 cn
10 - 8.4 \2
r =---E%- = 8.4 em Ap = (-i%-) by = 0.7 Ag
loge—~7~

At 20 minutes after c¢ooling started, the instantanecus heat

extraction Q = I W = 6.%5 x 28 kcal/hr

EW (rg - 75)
Am (ti - ts)

1 6.3 x 28 {10 - 7) 1
3=-0 ~ 0.7 = 1.035 100 (39.4 = 24.3)

Conductivity k

0.488 keal /m/ar/°C

- oW - 6.35 x 28
Conductance h e (g — ©g) 1.035 (24.3 + 10)

= 5,00 koal/m%/hr/"q

These are the instantaneous values of k and h of the dog.
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