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(Sedion on Physics, Mayo Clinic and The Mayo Foundation, Rochester, Minnesota)
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INTRODUCTION

In 1912 Stewart delivered the Harvey lecture (9) on "Studies on
the circulation in man," dealing almost entirely with blood flow in
the hands and feet of both normal and abnormal persons. This
lecture was preceded by two papers (8) concerning the measurement
of blood flow in the hand and the effects of reflex vasomotor excita-
tion. Since then, so far as I know, no additional experimental work
on this subject has appeared in print other than the papers by Taylor.

In all of his writing Stewart adheres to the statement, "the quan-
tity of blood in grammes flowing through the hand in the time of the
experiment is given by the equation.

H 1
T- T1 S

where Q is the quantity of blood, H the heat given off by the blood,
T the temperature of the arterial blood, T, the temperature of
the venous blood and S the specific heat of the blood" (9). I
have not been able to accept the Stewart equation for the deter-
mination of blood flow, neither do I feel that such an equation can
be correctly applied to the determination of "Q, the quantity of
blood flowing through the hand (or foot) in the period of observa-
tion" (8).1 The heat taken up by the calorimeter obviously must

IA preliminary report and summary of the principal conclusions in this in-
vestigation were printed in Science, vol. lxiv, pages 21-22, July 2, 1926. Further
comments made by Dr. Stewart are to be found in Science, pages 224-225, Sep.
tember 3, 1926
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328 CALORIDETRIC STUDIES OF EXTREMITIES: THEORY

be delivered to it by the immersed extremity and, if there are no
losses in the calorimeter, the heat (Hle) given out by the extremity
must equal the heat (HC) gained by the calorimeter and its contents.
The fact that any given extremity has in its tissues a certain amount
of heat or is at any determined temperature is evidence that there is
or has been some flow of blood in that extremity, but it is not patent
that calorimetric measurements afford a means of determining the
quantity or rate of flow of blood.

When a temperature gradient exists between the extremity and
the bath into which it is immersed, there will be a flow or delivery of
heat from the extremity to the water. This flow of heat must take
place through the skin which has a conductivity K and a thickness D.
Both of these factors no doubt vary considerably in different persons
and practically nothing is known concerning either of them. Fur-
thermore, the elimination of heat from the extremity is dependent
not only on the rate or quantity of blood flow, but also on various
conditions of the blood vessels and radiation factors, namely: (a)
dilated or constricted capillaries2 or surface blood vessels, in which
event the area of blood surface taking part in the transfer of heat
will be increased or decreased and hence permit a greater or less
transfer of heat, (b) the number of capillaries functioning, which
is found to vary greatly in different individuals as has been demon-
strated by microscopic studies of the capillaries of the skin (1, 2, 4,
6, 7), and (c) the capillary blood flow, dependent per se on the rate of
blood flow in the capillaries and whether they are partially or wholly
filled with blood at all times. In other words, the elimination of
heat, as dependent on the blood per se, is conditioned by the total
area of blood exposed in the surface capillaries and peripheral blood
vessels, the number of capillaries functioning and the rate and quan-
tity of blood flow in the capillaries. The transfer or conduction of
heat from an extremity to the bath is dependent on the temperature
gradient between the peripheral or surface circulation of blood and
and the immersion bath, this being determined by the conductivity
and the thickness of the skin.

2 When capillaries are spoken of, reference is made to surface blood vessels,
the major portion of which are undoubtedly the capillaries.
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THE EQUATION OF HEAT CONDUCTIONAND THE RATE OF TRANSFER

OF HEAT

In view of the foregoing remarks, the experiments of Brown, as
well as those of Stewart, have to do primarily with the transfer or
conduction of heat from one body to another and not with blood
flow per se, these bodies being separated by an interface having a
certain conductivity constant and temperature gradient. It seems
logical to apply to these studies such mathematical equations as per-
tain to conduction of heat, and from the experimental data to draw
conclusions relative to (a) the inherent heat capacityS or content of
heat of the superficial tissues of an extremity, and (b) the rate of
transfer or elimination of heat from the blood as dependent on its
surface distribution and flow under the physical conditions of tem-
perature of the bath, and so forth, set up in these experiments.

The well known equation for heat conduction (11), which may be
referred to as the quantity of heat eliminated by an extremity placed
in a bath of known temperature, is

Q=K(T,- TO)Dt (1)
D

in which Q is the quantity of heat in calories conducted from the
extremity to the water, that is, eliminated from the foot, in a given
time t; K is the conductivity constant, T1 and T2 are the temperatures
respectively of the two bodies, one being at a higher temperature
than the other; A is the area over which the conduction of heat from
one medium to another takes place; Dis the thickness and vascularity
of the conducting layer, and t is the time of conduction of heat. Very
approximately, then, the transfer of heat from an extremity placed
in a calorimeter may be considered as shown in figure 1 a in which
T1 represents the temperature of a liquid at a higher temperature
than that of the bath at temperature T2. The area A, thickness D
and the thermal conductivity K are quantities which must be known
in addition to the values of T1 and T2 if the quantity of heat conducted
in a given time t is to be calculated. In our present discussion,

3The inherent heat or thermal capacity of the foot represents the heat existing
in the tissues with arterial flow checked.
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330 CALORIMETRIC STUDIES OF EXTREMITIES: THE1ORY

however, it is to be remembered that conditions are somewhat dif-
ferent from those in the simple system shown in figure 1 a because
there is a circulatory system which, from the physical standpoint,
may be considered as consisting of two portions, a central one and a
peripheral one (fig. 1, b and c). This is not strictly true from the
anatomic standpoint, but it is felt that this classification into super-
ficial and deep crculatory portions is permissible. The peripheral
circulatory system lies in tissue, of a specialized nature, the main

A B AB AB

C. .

.

d b. v cr. C

FIG. 1. (a) The principles underlying the transfer of heat from a system of
circulating liquid AB at temperature T1 through a layer of material of thickness
Dand conductivity K, the temperature gradient being T1 - T2; (b) the conditions
when the circulatory system, from the physical standpoint, consists of two por-
tions, a central one C and a peripheral one P; (c) diagrammatic sketch of circula-
tion of the blood from artery A to vein B through capillary network; C.V., capillary
venules; E., epidermis, and S.C., surface capillaries.

function of which is the regulation of heat and thus is concerned with
modifications of blood content and changes in the peripheral vessels.
From the physiologic side there is evidence to indicate that moderate
variations in one of these two general portions of the circulatory
system of an extremity may function independently of the other.
Recent investigations on the independent behavior of the skin capil-
laries when the arterial flow of blood is stopped adds some proof to
this assertion (3).
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It is also well known that the heat taken up by the calorimeter can
be found from the equation

H= (m +mt.) (Ts-T ) (2)

in which H is the heat in calories developed in the calorimeter, of
water equivalent m., containing a mass of water m, while T3 -T2
represents the rise in temperature during a given time t.

If, therefore, there are no losses in the calorimeter, or if such losses
are determined and added into equation (2), then equations (1) and
(2) are identities.

The temperature of the arterial blood in the extremities doubtless
varies slightly in different cases. Stewart (8) carefully investigated
this matter and says: "We can consider that 36.7°C. cannot be far
from the temperature of the arterial blood in this experiment." In
the investigations presented in this paper, 37°C. has been taken, in
general, as a satisfactory temperature, since the variation of a frac-
tion of a degree in the value of the temperature of the arterial blood
cannot affect the condusions to be drawn.

The increase of temperature of Mgrams of water (m of water, and
mwthe water equivalent) is

Q H ATQ
M - " I ~~~~~~~~~~(3)M (M + M.)

where
A T = 370 T

T being the temperature of the water bath and 370 that of the source,
or

Q
K2 (370-T°) t

where

K2 - Ki
M_

Therefore, the rate of increase of the temperature of the immersion
bath is given by

d T = K2 (370°- r) (4)
di

THE JOURNALOF CLINICAL INvzw GATION, VoL m,u NO. 2
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3J32 CALORIMETRIC STtYb1S OF tZtX1TEmITIES: THEORY

Iintegrating

rd T r5 T = 5 K2dt

Hence,

-log .. (37- T) = K2 t + C (5)

or

-2.3 log * io(37- T) = KtK + C (6)

And finally,

- log *.o(37 - T) + K3 t = C2 (7)

in which
K * A

Kg = 2.3 D * M

It is to be noted that the term K3 includes the conductivity constant
K, the area A, and the thikness D.

If then, T, represents the temperature change of the extremity
AT1 at time t1, and T2 the temperature cbange of the extremity
AT2 at time t2, we have

log a - log T, = Ks ti

and

log a - log T2 = Ks 12

in which a is taken as 370C. in my experiments.
Whence (5),

13 lob *1 T (8)01- :2) T

Equation (8) is, therefore, the fundamental one involved in all of
these calorimetric studies, and from a determination of Ks, the rate
of transfer of heat from the extremity immersed in a water bath,
hoth in normal and abnormal subjects, it may be possible to estab-
lish conclusions of clinical importance.
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Objections may be raised to the statement that the temperature
gradient, that is, AT, is at all times equal to 379 -T, in which 37°C.
is taken as the temperature of the arterial blood and T° is the tem-
perature of the bath at any specified time, t. The assumption of a
constant blood temperature of 37TC. gives, in the data and curves
presented in this paper, the minimal rates of heat elimination, and
postulates that the temperature of the venous blood leaving the ex-
tremity is close to the temperature of the arterial blood. Stewart
(8) says, "When a part is immersed for a considerable time in water
of a given temperature, much the greater part of the venous blood
must have a temperature not very different from that of the bath."
If, therefore, we accept Stewart's condusion, we should take as the
temperature of the blood the average of the arterial (x°) and venous,

xo +y 0
or calorimetric (y°), temperatures, or 2 Under these assump-

tions, therefore,
x + y

A T 2 - T

and equation (8) comes out in identically the same form and manner
as on the assumption that AT = 37C. - T. The initial tempera-
ture level only differs in the two assumptions. Such differences in
assumptions relative to the temperature of the blood, however, will
give different numerical values when the experimental data are sub-
stituted in equation (8). But the ratios of the rates of elimination
of heat between normal and pathologic conditions will remain the
same irrespective of the temperature which is taken to represent that
of the blood. For example, the value of K: in a given normal per-
son (curve 5, figs. 3 and 6), on the assumption of a blood temperature
of 370C., is 0.00060, and the value of Ks in a given case of polycy-
themia (curve 1, figs. 4 and 7) is 0.00118. The ratio of these values
is practically 1:2. Taking the experimental data for the normal
selected (table 1, curve 5, figs. 3 and 6), and starting at the time
t, which equals twenty minutes (at which time the so-called "equilib-
rium" conditions may be said to exist), we find that xo = 36.70C.
and y° = 20.70C., with an average value of 29.269C. The calori-
metric temperature is 21.850C. at the time 5, which equals twenty
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334 CALORIMETRIC STUDIES OF EXTREMITIES: THEORY

minutes. Therefore, at the time, t = 20 minutes, AT = 29.260. At
the time, t = 80 minutes, AT = 30.40°-24.05°. From these data
K, = 0.00112. In a similar manner it can be shown that in the
selected case of polycythemia (curve 1, figs. 4 and 7) K3 = 0.00231.
The ratio of these values is practically 1:2. These and other like
calculations indicate that the matter of the assumption of the tem-
perature of the blood does not enter into the discussion provided the
numerical results obtained are taken as comparative and not absolute
values, as is the case in these experiments. The conclusions reached
in this paper, therefore, are not affected by any assumptions as to the
temperature of the blood, provided it can be stated that the physical
and physiologic status of affairs is such that there are no radical
changes in the circulatory conditions during the experimental test.
Weare interested fundamentally in a comparison (or ratio) of rates
of elimination of heat in various normal and pathologic conditions,
and have no concern with the rate of flow of the blood.

I desire to comment further on the importance of equation (4),

d T
d = K (T1 - T2)

for this equation states-that the rate at which a body loses heat is
proportional to the difference between its temperature and that of its
surroundings. The rate at which an immersed extremity loses heat
is the same as the rate at which heat is being gained by the calo-
rimeter. As time goes on, the temperature gradient between im-
mersed extremity and bath decreases, there is a lessened transfer of
heat and as a result the curve representing the relation between
temperature and time approaches a temperature the limiting value
of which is theoretically the temperature of the arterial blood.

Due regard for the statements made in the preceding paragraph
was not taken, I believe, by Stewart in his investigations. The data
on Stewart's experimen't no. 1, which is presumably typical of his
experimental results, is quoted from one of his pxapers (8).

"At 1:41 p.m. put hands (of M.C.) in bath at 27.00. Put 3,200 cc.
of water in calorimeter L (left hand) and 3,000 cc. in R (right hand).
Room temperature 18.80. Mouth -temperature 36.80. Pulse 107.

Volume of right hand in calorimeter 435 cc., of left, 410 cc."
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Then follow the experimental data having to do with the rise in the
temperature of the calorimeter bath. The increases of temperature
with time as shown by Stewart are plotted as curve 1, figure 2, the
symbol (X) being for the right hand and (o) for the left one. Stew-
art's concluding remarks are: "For the first part of the experiment
(7 minutes) the flow comes out at 12.8 grams blood per 100 cc. of
hand per minute for the right hand, 13.9 grams for the left. For
the second part (the last 7 minutes) 10.29 grams for the right and
11.73 grams for the left."

The blood flow is said to have changed from 12.8 grams to 10.29
grams in twenty-two minutes or a change of 2.5/11.6 (average), which
is approximately 20 per cent for the right hand, and for the left hand
2.17/12.8 (average), or about 17 per cent. That is to say, the blood
flow is said to have changed about 20 per cent in twenty-two minutes
in a bath at an initial temperature of 26.75°C. and final temperature
of 28.78°C. Such conclusions I believe to be erroneous because the
relationship between rise of temperature in the calorimeter with time

-of immersion of an extremity, as plotted in curve 1, figure 2 (data
being taken from the experiment ho. 1 of Stewart, to which reference
has been made), is not a linear one. This absence of a linear rela-
tionship between the rise of temperature and the time, which is
again emphasized by curve 2, figure 2, arises for the simple reason
that the temperature gradient has changed from 10.05°C. (that is
36.80 to 26.750C.) at the beginning of the experiment, to 8°C.
(that is 36.80 to 28.780C.) at the conclusion of the experiment. In
these statements, 36.8°C. is taken from Stewart's data as representa-
tive of the temperature of the arterial blood in an extremity. It is
apparent that the difference in temperature gradient between the
initial and final readings is 2.05°C. or roughly a change of 22 per cent,
as is seen by dividing the temperature difference of 2.050 by 9 (the
average of 10.05 and 8). It is possible that these changes in tempera-
ture gradient have been incorrectly interpreted by Stewart as changes
in blood flow. It is obviously a question of rates of increase of tem-
perature of the immersion bath as given by the equation (4),

dT
= K2 (37'0 - T)
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336 CALORIMETRIC STUDIES OF EXTREMITIES: THEORY

and that these increases of temperature are dependent on the rates
of elimination of heat from the extremity. In the last analysis I
believe that one is justified in saying that calorimetric determinations,
per se, give data only on the intake or output of heat and not on the
mechanism of the production or elimination of heat.

There is, furthermore, no evidence of any change in the rate of
heat elimination and, therefore, presumably no proof of any change
in the rate of blood flow, as is shown in curve 3, figure 2, in which
log.AT, or log. (36.80 - T°). is plotted against t, the time. This is
very nearly a single straight line with, however, some indication of

A

t2.2r ~ / ' A
P2.0 _ -I-L 1.00

'1.6 0.98

16 / x Right handcL ',
* Left hanct

40.8C/ 0.94
0.~4 0.92

1Minttes 4 8 12 16 20 24 4 8 iz 16 eO

FIG. 2. Curve 1, data plotted from Stewart's paper (8); curve 2, to emphasize
the fact that curve 1 is not a straight line, and curve 3, Stewart's'data plotted
logarithmically against the time t.

two portions, marked AB and BC, respectively. The slight differ-
ence in the slope of the line during the first six minutes of immersion
is doubtless due to vasomotor reactions. The curve as a whole, how-
ever, conclusively shows that the rate of elimination of heat from an
extremity, as determined from calorimetric data given by Stewart,
is a constant. There is, therefore, every reason to believe that the
rate of blood flow remains constant, provided we include in the defi-
nition of the expression "blood flow" the various factors which are
known to affect it or to be the equivalent of such flow and which are
outlined in the introductory paragraphs of this paper.
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CALORIMETRlC DATA ON THE EXTREMITIES

Using the apparatus described by Kegerreis, together with ac-
cessory means of determining the area of an extremity, Brown has
adopted a method of obtaining comparative heat transfers in calories
for each square inch of surface. It has been his purpose to simplify
the experiments clinically and he has therefore assumed a linear
relationship between the rise in temperature in the calorimeter and
the time after the break or knee in the curve has been passed. If
his procedure is to be accepted as sufficiently exact, it must be justi-
fied by a comparison of ratios of the heat capacities of the extremities
and the rates of transfer or elimination of heat due to the surface
circulation as determined by the use of the logarithmic equation (8),

K3= l * log *.1T

I believe that Brown's results are not to be accepted as specific values
of the heat elimination for the particular cases cited or discussed but
that, from the clinical standpoint, his simplified method, which as-
sumes a linear relationship between the rise in temperature and the
time after the so-called state of equilibrium has been reached, is
doubtless sufficiently accurate to permit of some segregation or group-
ings of cases, and gives ratios, when compared with the values he
obtains for normal subjects, which are in excellent agreement with
the data and ratios obtained from the methods described anc dis-
cussed here. Taking the data given in table 3, and using ratios
obtained from the four methods of analysis of data, I conclude that,
in large part, the clinical procedures of Brown furnish data regarding
the rate of transfer or elimination of heat to the calorimeter due to
the superficial or peripheral circulation as conditioned by skin factors.

The curves of figures 3, 4 and 5 represent calorimetric rises in
temperature Centigrade when plotted against time in minutes.
Figure 3 contains curves showing the increase of temperature of the
calorimeter and contents with the time of immersion of an extremity
for normal persons; figure 4 for persons clinically grouped as having
polycythemia, while the curves of figure 5 contain data on persons
having thrombo-angiitis obliterans, or Buerger's disease. These
data as graphically presented are taken at random by the writer
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338 CALORIMETRIC STUDIES OF EXTREMITIES: THEORY

from the clinical experiments of Brown. It is presumed that these
and other curves which will be presented will serve as illustrative
materials only and that there is not to be read into these discussions
any conclusions of clinical significance, for the reason that the data
presented for the various clinical subdivisions selected are too meager
to warrant their acceptance on any basis other than that of being

FIG. 3. CUWVESSHOWMGTHERELATIONSHIPS BETWEENTHE RISE OF
TEmPERATUREIN T CALORIMETERAND CONTENTSAND THEE

TImE (IN MIUTEs) oF THE TEST

These curves represent data obtained on the same normal individual on different
days.

fairly representative of the various groups which are indicated
dinically.

In figures 6, 7 and 8 are plotted the results of the same experimental
tests as are found in figures 3, 4 and 5, in terms of equation (7), that
is,

- log -lo (370 - TO) + K,t = C2
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in which the y axis is taken as logloAT and the x axis as the time (t)
in minutes. The same order of presentation of clinical classifica-
tion is made as in figures 3, 4 and 5; figure 6 is for the normal, figure 7
for cases of polycythemia, and figure 8 for cases of thrombo-angiitis

Mlinute5 10 450 40 50 60 70 80
FIG. 4. CURVESSHOWINGTHE RELATIONsHIPS BETWEENTHE RISE OF TEMPERA-

TUREIN THE CALORIMETERAND CONTENTS,ANDTHE TimE OF THE TEST
IN 3 CASESOF POLYCYTEMIA

obliterans. In each instance the curve number appearing in figure 3
is carried over for purposes of identification to the results plotted in
figure 6, and so on.

In table 1 is included a sample set of data- for curve 5, figure 3,

339



340 CALORIMETRIC STUDIES OF EXTREMITIES: THEORY

as well as the values of log1o,T for which the corresponding curve 5,
figure 6, is obtained.

It is to be noted that in both the theoretic discussion 'and in the
calculations involving equation (8) as plotted in figures 6, 7 and 8,

MinuteS 10 20 30 40 50 60 70

FIG. 5. CURVESSHOWINGTHE RELATIONSHIPS BETWEENTHE RISE OF TEMPERA-
TURE IN THE CALORIMETERANDCONTENTS,ANDTHETmEOF TuE TESTS

IN 4 CASESOF THROomBO-ANGiiTS OBLITERANS

all reference to the effects of loss of heat by radiation from the calo-
rimeter has been omitted. A series of cooling curves is shown in fig-
ure 9. 'It wir be appreciated that, in general, no error comparable to
other likely sources of discrepancy and irregularity is introduced by
reason of this omission.
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All of the curves plotted in figures 6, 7 and 8, indicating the rela-
tionship between logloAT and t show two portions with decidedly
different slopes, therefore indicating two distinct values of the rate
of transference or elimination of heat. In the cases of normal sub-
jects, the intersection of these two portions of these curves occurs
at the point B (fig. 6) in from fourteen to twenty-two minutes; in

TABLE 1

Data for curve 5, figure 3, and cu2rve 5, figure 6, normnl control*

Time Time, minutes Beckmann ieading AT - 36.7 - T Log- 1AT

10:21 0 1.15 15.99 1.2038
10:26 5 2.03 15.12 1.1796
10:27 6 2.23 14.92 1.1738
10:29 8 2.54 14.70 1.1673
10:35 14 2.99 14.16 1.1511
10:38 17 3.17 13.98 1.1455
10:41 20 3.30 13.85 1.1414
10:47 26 3.50 13.65 1.1351
10:52 31 3.67 13.48 1.1297
10:56 35 3.73 13.42 1.1274
11:00 39 3.80 13.35 1.1255
11:03 42 3.85 13.30 1.1239
11:06 45 3.90 13.25 1.1222
11:09 48 3.95 13.20 1.1206
11:15 54 4.06 13.09 1.1169
11:20 59 4.14 13.01 1.1143
11:26 65 4.25 12.90 1.1106
11:33 72 4.38 12.76 1.1059
11:39 78 4.49 12.65 1.1021

*August 5, 1924. Systolic blood pressure 110 and diastolic 80; pulse 70. Room
temperature 25.4°C. Main scale of certified Beckmann thermometer set at 19.56°C.
Differential values for preliminary readings were: 1.13° at 10:17 a.m., 1.14° at 10:19 a.m.,
and 1.15° at 10:21 a.m. Arterial blood temperature taken as 36.7°C.

cases of polycythemia, at not less than twenty minutes in any in-
stance (fig. 7), and in conditions of thrombo-angiitis obliterans at
from six to ten minutes. Two such separate or distinct portions to
each curve would be expected, for during the early period of im-
mersion there is a transfer of heat from the extremity, per se, by
reason of the inherent heat or thermal capacity of the foot, plus a
transference of heat due to peripheral or surface circulation, while

341



342 CALORIMETRIC STUDIES OF EXTREMITIES: THEORY

secondly, after that whicb may be spoken of as the steady state, fol-
lowing Stewart's general descriptive notions, has been reached, then
the heat which is eliminated and tiansferred to the calorimeter is due

KA
to surface circulatory conditions only (Ka - 2.3D=M of equation 7).
Neither is it to be expected that the transfer of heat due to the in-
herent heat capacity of the extremity plus that due to the surface

FIG. 6. CURVESSHOWINGTHE RELATIONSHPSBETWEENlog.10aT AND THE
T1M I FORA SELEciED NoRwALSUBJECT

(See figure 3)

crculation, when plotted logarithmically against time, would give
a straight line because of: (a) vasomotor reactions; (b) loss of heat
from the foot per se, or, as it may be called, depletion of tissue heat
or heat capacity of the extremity, and (c) change or decrease in tem-
perature gradient in the superficial tissues of the extremity with time
of immersion in the bath. An inspection of the curves shows that
the vasomotor reactions are largely completed in from three to six
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20 350 40 60 70 au

FIG. 7. CURVESSHOWING RELATIONSHIPS BETWEENlog.1oAT AND ME
Tmiz I IN 3 CASESOF POLYCYXEm1A

(See figure 4)

FIG. 8. CURVESSHOWING1 RELATONSHpSBETWEENlog.ioAT Am TE
TmEt IN 4 CASESOF THROMBO-ANGTSOBLITERANS

(See figure 5)
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minutes. This is also evidenced in the sample set of data from
Stewart and is shown in curve 3, figure 2. In all the curves of figures
6, 7 and 8, it is found that, from the twenty-minute period on, there
is no question that the rate of transfer of heat from the foot due
to the superficial or peripheral circulation or distiibution of the blood
remains constant for each particular case. Hence the relationship

1 T2
R3 = *-log * -

4inte 10 20 0c0ur

4a5 -0-i __- _

F1G. 9. CALORIMETRIC COOLING CURVES

is proved applicable to these investigations. The value of K3 (on
the assumption that AT = 370°-T°) for each of the curves of figures
6, 7 and 8 is given in table 2.

It is possible, therefore, to analyze all of the curves of figures 3,
4 and S into two portions, namely, the heat delivered to the calorim-
eter by means of the inherent heat or thermal capacity of the
extremity proper, and the heat given up to the calorimeter as a sulm-
mation effect due to the peripheral blood vessels or surface circula-
tion. Figures 10, 11 and 12 show this analysis graphically. There
are three curves in each of these figures; curve 1 represents the heat
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capacity or inherent beat of the superficial portions of the extremity
plus the elimination of heat due to the surface circulatory system;
curve 2, the heat eliminated by reason of the surface circula-
tion only, and curve 3, which is the difference between the readings

TABLE 2
1 T

Values of K3 obtained from the eqtation Ks =- log., T-
t,-t2 T,

Clinical classification 0
(Brown's data)

3, 6 1 Normal (same person and dif- 0.00020* 17 X 10-
2 ferent conditions of summer 0.00045 39
3 weather) 0.00053 46
4 0.00073 63
5 0.00060 52 52 X 10-7

(Another person) 0.00076 62

4, 7 1 Polycythemia 0.00118 104 X 10`7
2 Polycythemnia 0.00136 123
3 Polycythemia 0. 00300* 232 (See Curve

3, figure
4)

Polycythemia 0 00109 98
Polycythemia 0.00127 113 109 X 10l

5, 8 1 Thrombo-angiitis obliterans 0.00020 23 X 10-'
2 Thrombo-angiitis obliterans 0.00020 23
3 Thrombo-angiitis obliterans 0.00022 19 (Suspected
4 Thrombo-angiitis obliterans 0. 00078* 78 Buerger's

disease)
Thrombo-angiitis obliterans 0.00019 17
Thrombo-angiitis obliterans 0.00017 16 19 >< 10-7

* These readings are excluded from the averages.

of curves 1 and 2, the inherent thermal capacity of the extremity.
Figure 10 is for an average normal (curve 5, fig. 3), figure 11 for a
case of polycythemia (curve 1, fig. 4), and figure 12 for a case of throm-
bo-angiitis obliterans or Buerger's disease (curve 1, fig. 5). The data
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for curve 2 in each of the figures 10,11 and 12 were obtained by pro-
jecting back to intersection with the y axis (y = log,oAT) the portions
BCof the corresponding curves of figures 6, 7 and 8. Since the BC
portions of the curves of figures 6, 7 and 8 represent the rate of trans-
fer of heat set up by the surface circulatory system only, the values
of AT obtained for the initial periods of immersion from the points
of the curves under consideration in figures 6, 7 and 8 give a measure

Normal -14

Ix~~~~~~

063

~½ 8 16 24 3Z 40 46 56 64.
Minutez

FIG. 10. CuRVEs SHOWiNGTHE ANALYSIS OF THE HEAT ELIMATED PROMTH
FOOTOF A NORMALSUBJECT

Curve 1, total elimination of heat; curve 2, heat eliminated by reason of the
surface circulation only, and curve 3, the inherent thermal capacity of the
extremity.

of the elimination of heat due to the peripheral or cutaneous circula-
tion only. For instance, curve 2 of figure 10 is obtained by project-
ing the line BC of curve 5, figure 6, back to the y axis. By means
of the original curve 5 of figure 3 (which is replotted as curve 1 of
figure 10), the values of AT for the immersion periods (in minutes)
plotted in curve 1, figure 10, can be determined from the-projection
of the line BC (curve 5, fig: 6). Obviously there Is no need to pro-
ceed further than the points marked B, of figures 6, 7 and 8, since
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the portions BC represent graphically the transfer of heat -due to
surface circulation only. To amplify these statements I have in
figure 10 drawn the complete original curve D1B1F (curve 5, fig. 3),
the corresponding complete curve D1B2G of heat transfer due to the
temperature gradient established by surface circulatory conditions
(obtained from curve 5, fig. 6) and the curve D1B3H, which is the
difference between curves 1 and 2 of figure 10 and which therefore,

FIG. 11. SAMEAS FIGURE 10; CASESOF POLYCYnMXIA

I 'believe, represents the "temperature rise with time" conditions
due to transfer of heat to the calorimeter from the extremity only.
It will be noted that the portion BJI of curve 3, figure 10, is a straight
line parallel to the x axis, as it should be.

The data for curve 1 of figure 10 are: mass of water plus the water
equivalent of the calorimeter equalled 4,180 grams; AT for the ex-
tremity only at the end of twenty-six minutes (point B3, curve 3)
was 1.88°; the volume displaced by the foot immersed was 1,175 cc.,
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and the area, as obtained by the Kegerreis method, was 115 square
inches. These data show that the heat delivered to the calorimeter,
due to the inherent heat or heat capacity of the foot, averages 0.256
calorie for each cubic centimeter each minute, or that 2.62 calories
for each square inch each minute are delivered on account of this
heat capacity. Likewise, considering the same period of time, it
can be shown that the peripheral or surface circulation, per se, pro-
duced 0.073 calorie for each cubic centimeter each minute, or 0.75
calorie for each square inch each minute. Similar data can be ob-
tained from the curves of figures 11 and 12, for which the accessory
data are: volume 1,125 cc., area 118 square inches (fig. 11); and
volume 725 cc. and area 87 square inches (fig. 12).

t 0.4 T rombo-anq'itiz

i.D L0.:B1_ __ __ 02e
D0{3 16v 4 32 40 48 56 64

Minute-

FIG. 12. SAMEAS FIGURES 10 AND 11; CASES OF THROMBO-ANGIITIS OBLITERANS

Possibly an easier and just as satisfactory a method, especially in
finding ratios between the inherent heats (or thermal capacities)
of the extremities of normals and those obtained in cases of disease
is to use a planimeter and to find the areas included between the por-
tions AB of the curves of figures 6, 7 and 8 and the projections of
the lines BC to the points of intersection at the y axis. Such an
area is represented as ABMin curve 5, figure 6.

I have included in the data of table 3, under method 3, the heat
capacities of the extremities as determined by obtaining the areas of
(log.AT) - (t). It will be noted from table 3 that the ratio of the aver-
age heat capacity of the normal by method 2 to the average normal
heat capacity by method 3 is 1.91/1.52, or 1.24; and that the ratio
of the average heat capacity in polycythemia by method 2 to that by
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method 3 is 2.17/1.80, or 1.21. These ratios are in excellent agree-
ment. However, in the case of Buerger's disease, this ratio as
determined from a comparison of methods 2 and 3 turns out to be
0.55/0.11, or 5. Possibly no comment is necessary other than that
different methods of handling data may give results which are not
in themselves necessarily comparable.

TABLE 3

Tabulation of data for curves of figures 3 to 8, obtained by four methods

Method

Room 1 2 3 4

Figure Curve Clinical classification ture Heat Heat Ca'orie- for
degrees Ks from capacity, capacity, each square

C. equation Ks - calories for arbi rary inch, each
log102 ech -4ure(obyained (Brown's

TY inch,. each with pla- clnicalminute nimeter) method)

3,6 1 Normal 18 17 X 10-7 1.52 1.75
2 20 39 1.20 0.95
3 21 46 1.68 1.05
4 23 63 2.12 1.92 0.97
5 25 52 2.62 1.90 1.03

Average ............................... 43 X 10-7 1.91 1.52 1.00

4, 7 1 Polycythemia 19 104 > 10-7 1.90 1.70
2 19 123 2.03 1.95 1.72
3 20 232* 2.57 1.75 3.29*

Average ............................... 114 X 10-7 2.17 1.80

5, 8 1 Thrombo-angiitis 19 23 X 10-7 0.49 0.10 0.25
2 obliterans 19 23 0.51 0.12 0.23
3 25 20 1.56 0.90-- 0.30
4 18 78* 0.66 0.10

Average ............................... 22 X 10-7 0.55 0.11 0.26

* These readings are excluded from the averages (see table 2).

DlSCUSSlON

The data given in tables 3, 4 and 5 enable us to draw some impor-
tant physiologic conclusions. In the fist place, the same person,
who was clinically passed as a "normal," was subjected to a series
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of calorimetric tests during the month of August, 1924. In that
month the customary changes in summer weather occurred, making
it possible to study somewhat the effects of out-of-door or environ-
mental temperature on the data obtained calorimetrically. An in-
spection of the data in table 3, methods 1 and 2, shows an increased
rate of elimination of heat due to surface circulation and also an in-
creased inherent heat capacity with rise of environmental tempera-

x Q 0 < t~~~~~~~~~--65-
160 20 22 1b

Z*o x

N45 -

2.0

1.8
.S30 1.7
25
Z0, ~~~~~~~~~~~~1.6
18Z22 4 18 20 22 24

Temperature °C

FIG. 13. Curve 1, the relationship between the environmental temperature and
the rate of heat elimination K3 in the case of a selected normal subject; curve 2,
the relationship between the environmental temperature and the inherent heat
capacity in the case of the same normal individual.

tures. Figure 13 contains curve 1, in which the rate of transfer of
heat to the calorimeter due to surface circulatory conditions

1 T_K3=, lt log 1 T

is plotted against out-of-door temperatures, and curve 2, in which
out-of-door temperatures and inherent heat capacities (average
calories for each square inch each minute) are compared, these tem-
peratures being practically those of the room in which the experi-
ments were conducted. These curves are mathematically expressed
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as y = mx + b (curve 1) or the equation of a straight lmie, and x2
= 4 ay (curve 2) or the equation of a parabola. The values of the
constant a for the various experimental values of x and y are 'shown
in table 4.

These and similar curves and data give us a basis for certain de-
ductions which, while they may be but a first approximation to the
truth and may need further revision and amplification, are of physio-
logic importance. In the first place, it appears that, in normal sub-
jects, the rate of transfer or elimination of heat due to surface circu-
lation, that is,

1 T
K3 = *log *10T-

L -t2 T

TABLE 4
Relationships between environmental temperatures and inherent heat capacities

x y a

Temperature, degiees C. Heat capacity, calories From equation x2 = 4 ay

18 1.52 54
20 1.60 62
21 1.68 65
23 2.12 62
24 2.62 56

* For each square inch each minute.

is directly proportional to the temperature of the surrounding environ-
ment in degrees Centigrade. Secondly, the inherent heat or thermal
capacity of the extremity, that is, the ratio of average calories to each
square inch, each minute, increases proportionately to the square of
the temperature of the environment, expressed in degrees Centi-
grade, and that there is for each and every normal individual a
certain inherent constant a, obtained by dividing the square of the
temperature in degrees Centigrade by four times the experimentally
determined thermal capacity. And again, if curve 1 of figure 13 is
projected back to the ordinate, y = 0, it is shown that in the case
of the normal investigated, when the temperature of the surrounding
medium reaches from 150 to 16°C., the rate of transfer or elimina-
tion of heat from the exposed body surface, arising as the result of
peripberal circulation, becomes negligibly small.
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The fundamental need of the human body is, without question,
to protect the imnermost and therefore most vital organs, blood
channels and tissues. Hence, as the surface of the body cools off,
there is presumably a decrease in the amount of blood carried to the
surface, so that ultimately the subcutaneous layer becomes virtually
increased in depth and literally serves as a blanket to conserve the
heat in the inner portions or, in other words, to lessen the rate of
elimination of heat. Roughly speaking, such layers then act as
insulating materials, possibly similar to cork, and as a result the ef-
fective temperature gradient is markedly affected. The foregoing
statements offer some explanation as to why it is that, when at rest
for some time and insufficiently dothed, we feel cold and clammy and
why we often shiver. For without muscular exercise, which is as-
sociated with the increased production of heat, and without ade-
quate means of decreasing the effective cooling surface, peripheral
capillary stasis is induced with some constriction of the cutaneous
blood vessels.4 Shivering is a reflex form of muscular exercise and
stimulates the peripheral circulation.

Before passing on, I emphasize that part of the routine in all the
the experimental work discussed in this paper, which consisted in
keeping the subject without breakfast and at rest for at least one-
half hour before an experimental test, and in making him sufficiently
comfortable to insure few, if any, bodily movements, particularly of
the extremity immersed in the calorimetric bath. Both of these
precautions are quite necessary if useful results are to be obtained.

Furthermore, the curves of figures 3 to 8 inclusive and the data of
table 3 show that the average inherent heat capacities (calories elimi-
nated for each square inch each minuite) are as follows: normal, 1.91;
polycythemia, 2.17, and thrombo-angiitis obliterans, 0.55. The
average values for the rate of heat flow by reason of capillary activity
are: normal, 43 X 10-7; polycythemia, 114 X 10-7, and thrombo-
angiitis obliterans, 22 X 10-7 for each square inch each minute. It

" Some recent preliminary experiments by Sheard and Brown, on the effects of
insertion of the hand for several minutes into an ice-cooled chamber, have shown
microscopically that there is no such capillary constriction and apparently little,
if any, dilatation, but that the rate of blood flow in the capillaries is considerably
reduced, approximating a condition of stasis.
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is not, of course, permissible to attach any undue significance to
any average value obtained from the data from a few cases only.
But these data substantiate, in a general way, the very conditions
which should be expected a priori. For polycythemia is a condition
of excess in the number of red corpuscles and in the blood volume.
It would therefore follow that the number of active capillaries (and
possibly size and rate of blood flow) would be in excess of that found
in normal persons, hence giving a greater area of peripheral blood
surface, and would therefore enhance the rate of flow of heat as com-
pared with the rate for normal persons. However, the inherent heat
capacity of the extremity, in an uncomplicated condition of poly-
cythemia, would be increased but little, the whole mechanism of
circulation being regulated to conduct and radiate heat from the
surface at a greater rate, under a given temperature environment,
than in the normal. This point is further substantiated by various
microscopic and photomicroscopic studies of the capillaries in cases
of polycythemia made by Brown, from the clinical and medical
standpoint, and by my own physical data and experimentation. In
such cases, following the reduction of blood volume the number of
capillaries, visible and functioning in a given specified area, has been
found to be very considerably reduced, although there are but slight,
if any, changes in rates of blood flow in the capillaries, or in the cali-
bers or lengths of the visible portions of capillaries.

SUMMARY

1. Calorimetric methods and data cannot be used to determine
the quantity or rate of blood flow.

2. Only quantities (Q) of heat and rates (K3) of transfer of heat
can be determined in such calorimetric investigations, in which a
temperature gradient (T1 - T2) exists between the immersed extrem-
ity and the calorimetric bath.

3. The equation for heat conductivity, stating that

A
Q = K (T1 - T) -D

D

is applicable to calorimetric studies of the extremities.

353



354 CALORIMETRIC STUDIES OF EXTREMITIES: THEORY

4. The rate of increase (K3) of the temperature of the calorimeter
and contents due to the peripheral or surface circulation is given by
the expression

1 T2
K3 10lo -,Iu

t -t T1

5. Analyses of the experimental results made by the use of this
equation in which log.,oAT is plotted as the ordinate relative to
the time t as abscissa, show that there are two distinct portions:
(a) that given by the transfer or elimination of heat by virtue of the
temperature gradient existing between the foot and the calorimetric
bath due to the inherent thermal capacity of the extremity plus the
effects due to surface circulation, and (b) that given by the transfer
or elimination of heat due solely to circulatory conditions at or near
the surface.

6. From a study of a normal person under various conditions of
environmental temperature and under the conditions of experimen-
tation stated, there is evidence that: (a) the rate of transfer or elim-
ination of the heat due to the surface or peripheral circulation per
se is approximately very directly proportional to the temperature,
in degrees Centrigrade, of the surrounding environment; (b) the
inherent thermal capacity of the superficial or surface layers of the
extremity increases proportionately to the square of the temperature,
in degrees Centigrade, of the surrounding atmosphere or environ-
ment, and (c) when the temperature of the surrounding environment
falls to approximately 15°C., the rate of transfer of heat from the
exposed surface of a resting body becomes negligibly small as is in-
dicated by the value of the rate of heat elimination due to the exist-
ing conditions of surface circulation.

7. A comparison of data on the inherent thermal capacities of
extremities in selected normal subjects, three cases of polycythemia
and four cases of thrombo-angiitis obliterans (Buerger's disease),
shows that there is but little difference in general between that in
normal subjects and that in cases of polycythemia, but that there
is a marked difference between the values in normal subjects and
those obtained in cases of Buerger's disease.

8. A study of the rates of elimination of heat at the surface of an
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extremity, due to conditions of surface circulation, indicates that this
rate of heat elimination was found to be from two to five times as
great in the cases of polycythemia as in the normal subject under
similar environmental temperature, and again, about half as great
or less in cases of thrombo-angiitis obliterans (Buerger's disease)
as in normal subjects.

9. Tables and discussion of results are given in which the ratios
of heat transferred in calories for each square inch of surface of ex-
tremity each minute, due to the inherent thermal capacity and the
rate of elimination of heat by reason of the peripheral or surface
circulation, are compared by various methods.
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