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In order to obtain an accurate picture of the
state of the peripheral circulation it is necessary
to know the blood flow and the vasomotor reac-
tions in as many parts of the body as possible.
An investigation of the blood flow and the vaso-
motor reactions of parts of the upper and the
lower extremities is of particular significance, not
only because of the wide variations in the propor-
tion of muscle to skin in the different parts of
the extremities, but also because of the presence
in the skin of the hands and feet of numerous
arteriovenous anastomoses which have not been
demonstrated in other parts of the body (1). In
order, therefore, to secure a more complete under-
standing of the peripheral circulation, the blood
flow and the vasomotor reactions in the hand,
forearm, foot, and calf at rest were studied by
plethysmographic methods. In‘ addition, the
changes in the blood flow following exercise and
arterial occlusion and the effect of epinephrine and
of pitressin on the blood flow were observed in
these four parts of the body.

METHOD

The subjects selected for this study had normal cardio-
vascular systems. The hand was studied in the plethys-
mograph described by Freeman (2) and the foot in
that described by Stead and Kunkel (3). The plethys-
mograph of Lewis and Grant (4) was used for the fore-
arm and a similar one of larger size was constructed for
the calf. In each case the rubber cuffs closing the in-
struments were attached to the skin by rubber cement
in such a manner as to cause no elevation of the venous
pressure; they were prevented from bulging outward by
suitable firm, fitted diaphragms. The instruments were
connected by pressure tubing to Brodie bellows of 14 cc.
capacity which recorded the changes in volume on a
smoked drum. In order to maintain the water within
the forearm and calf plethysmographs at a constant
temperature, the instruments were surrounded by large

1 The expense of this investigation has been met in
part by a grant from the Proctor Fund of Harvard Uni-
versity for the Study of Chronic Disease.

water baths; the hand or foot distal to them was exposed
to the air. In experiments in which the blood flow and
vasomotor reactions of the hand and foot were studied,
the water surrounding these organs was constantly cir-
culated by motor driven propellers, but that surrounding
the arm and the calf was not mechanically stirred. The
water baths were maintained at a constant temperature
for at least 30 minutes before blood flow determinations
were made. All observations were made with the sub-
jects horizontal and the parts to be tested resting com-
fortably in the instruments at heart level. In order to
measure simultaneously blood flows and vasomotor re-
actions in various organs, two or three plethysmographs
were usually applied, though in no case was more than
one instrument applied to the same extremity.

These plethysmographs could be used for the deter-
mination of the blood flow to the enclosed portion of the
extremity, since the initial rate of increase in volume
produced by applying a collecting pressure just proximal
to the instrument was a measure of the blood flow. The
method used for calibrating the instruments and for cal-
culating the blood flow was the same as that previously
described for the determination of blood flow in the foot
(3). As two rubber diaphragms had to be stabilized in
the forearm and calf plethysmographs, these instruments
were' found to be less accurate than the hand and foot
plethysmographs. Unless otherwise stated, the blood
flows are recorded as cubic centimeters of blood per
minute per 100 cc. of tissue.

In some instances the surface area of the part en-
closed within the plethysmograph was measured by mak-
ing a light plaster mold of the part. This mold was cut
while still soft and made to lie flat by multiple incisions ;
its outline was traced on cardboard, which was then
weighed. The surface area of the mold was calculated

"from the known weight of 100 sq. cm. of the cardboard.

Influence of circulation in the hand and foot on
measurements of blood flow in the
forearm and calf

Recently Grant and Pearson (5) have shown
that the plethysmographic method of measuring
the blood flow to the forearm was not accurate un-
der all conditions unless the circulation to the hand
was completely obstructed by a cuff just distal
to the forearm plethysmograph. Our observa-
tions agreed with this. If the blood flow in the
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hand was rapid in comparison with the flow in
the forearm, when the collecting pressure was
applied the rate of increase in the volume of the
forearm was greater than that caused by the ar-
terial inflow to the tissues of the forearm. This
was due to the trapping in the veins of the fore-
arm of the blood returning from the hand. With
the body cool and the forearm bath at 30° C,
the blood returned from the hand slowly enough
not to influence appreciably the measurement of
the blood flow in the forearm. When the body
was heated, however, the flow to the hand in-
creased much more than that to the forearm and,
if the circulation to the hand was not obstructed,
the calculated values for the flow in the forearm
were greater than the true values. When the
water bath surrounding the forearm was main-
tained at 43° C. the circulation in the forearm
was so rapid that the venous return from the
hand had little effect on the measurement of the
forearm flow, regardless of whether or not the
body was heated. In 5 experiments on 3 subjects
at room temperatures from 20 to 28° C. and with
the forearm bath at 43° C., the forearm flows
averaged 10.4, 149 and 8.8 cc. per minute, re-
spectively ; after the circulation to the hand was
occluded by inflating a cuff distal to the plethys-
mograph to 300 mm. Hg the flows averaged 9.5,
14.7, and 8.7 cc., respectively. During the reacr
tive hyperemia following arterial occlusion Grant
and Pearson (5) found the forearm flow to be so
rapid that the returning blood from the hand had
no effect on it.

In the studies of the vasomotor reactions of the
forearm and calf reported here, the circulation
to the hand and the foot was always completely
obstructed by suddenly inflating cuffs just distal
to the plethysmographs to 300 mm. Hg. From
30 seconds to 2 minutes were allowed for the
base line to become level before readings were
taken. Occluding cuffs were also used in studying
the effects of epinephrine and pitressin when the
temperature of the forearm bath was below 43°
C., and in some instances when the water bath
was at 43° C. They were usually applied when
the blood flow was determined with the water
bath at 32 to 37° C.; when the temperature of
the room was not high enough to cause vasodila-
tation in the hand or the foot they were not used.
In the study of the effects of exercise and of ar-

PAUL KUNKEL, EUGENE A, STEAD, JR.,, AND SOMA WEISS

terial occlusion in the forearm and calf the cir-
culation of the hands and feet was always un-
disturbed.

OBSERVATIONS

Vasomotor reactions in the forearm and calf

The vasomotor responses in the forearm and
the calf of 9 normal subjects were studied with
the water bath at temperatures of from 8 to 43°
C. The circulation distal to the plethysmographs
was obliterated by inflating cuffs to a pressure of
300 mm. Hg. In the 2 subjects who showed the
greatest responses, repeated observations were
made on different days and the temperature of
both the room and the water bath was varied.
The stimuli routinely used to elicit vasomotor
responses were pinching the skin of the chest,
noise, and a deep inspiration. In a few instances
mental arithmetic and the sudden application of -
an ice cold towel to the chest were employed. The
pinches always produced pain; the noises were
unexpected and loud, in order to startle the sub-
ject if possible. Less intense stimuli usually
gave little or no response. The forearm and calf
responded to these stimuli in one of three ways:
(1) with a decrease in volume; (2) with an in-
crease in volume; or (3) with a biphasic reaction,
i.e., an increase followed by a decrease in volume.

Decrease in volume. Six of the 9 subjects ex-
hibited a decrease in volume of the forearm fol-
lowing noise or pinch; 3 showed no change. Four
showed a decrease in volume of the calf after
noise or pinch; 5 showed no change (Figure
1-B). Five subjects showed a decrease in vol-
ume of both the calf and the forearm after a deep
inspiration (Figure 1-4), and 3 showed no
change. One was not tested. Two subjects
showed no response to any stimulus in either the
forearm or the calf. For reasons to be stated
below, the decreases in volume of the parts are
considered to be the result of active vasoconstric-
tion and will be called constrictor responses.

The constrictor responses in the forearm and
the calf paralleled the vasoconstrictor reactions
which have been shown to occur in the hand and
the foot following similar sensory stimuli. They
had a similar latent period of from 3 to 9 seconds
and likewise were abolished when complete vaso-
constriction was caused by cold, and greatly dimin-
ished in intensity or abolished when the vessels
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VASOCONSTRICTION IN THE ForREaARM AND CALF

In this and the following figures a rise in the base line indicates an

increase, while a fall indicates a decrease in volume.

The calibrations are

in cubic centimeters; upper = forearm, lower = calf.
A. The effect of a deep breath. Room temperature 26° C.

B. The effect of a sudden noise.

were sufficiently dilated by local heat. They usu-
ally lasted from 1 to 3 minutes, but at times were
of even longer duration. The intensity of the
stimuli necessary to produce vasomotor responses
in the forearm and the calf was greater than that
required for the hand and the foot, and the magni-
tude of the response as measured in cubic centi-
meters per 100 cc. of tissue was usually less than
in the hand and the foot.

As in the hand and the foot, there was great
variation in the degree of vasomotor response,
not only in different subjects but also in the same

Room temperature 32° C.

subject on different days. The temperature range
over which good constrictor responses were ob-
tained in the forearm and the calf was, however,
not so great as in the hand and the foot. The
ideal temperature for obtaining the constrictor
responses varied from subject to subject. In any
one person both the environmental temperature
and the temperature of the water bath influenced
the state of the vessels. In general, the responses
were greatest with the room temperature between
30 and 33° C. and the temperature of the water
bath between 30 and 37° C. Under these condi-
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tions the subjects usually exhibited generalized
vasodilatation. With the water bath at 43° C.
or above, or at 20° C. or below, vasoconstrictor
impulses were rarely obtained in response to noise
or pinch, though at times a deep breath was still
effective.  As a rule the vasoconstrictor responses
in the forearm were greater, more easily obtained,
and persisted over a greater range of temperature
than those in the calf. Cold was as cffective a
stimulus as noise or pinch; mental arithmetic pro-
duced less response.

It is well known that the efferent pathway for
vasoconstrictor responses to sensory stimuli in
the hand and the foot is through the sympathetic
nerves supplying the vessels. As the vasocon-
strictor responses in the forearm and the calf are
similar to those in the hand and the foot, it is
assumed that they also are transmitted by the
sympathetic nerves. Since they are produced by
such stimuli as noise and pinch, which do not
cause a fall in blood pressure, the decrease in
volume must be the result of active vasoconstric-
tion in the vessels of the part inclosed within the
plethysmograph.

Increase in volume. In addition to the con-
strictor responses, 4 of the 9 subjects showed at
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some time during the experiments an increase in
the volume of the forearm and calf following
noise, pinch, or the application of ice cold towels
(Figure 2-4 and B). For convenience, any in-
crease in volume, regardless of the mechanism
by which it is produced, will be called a dilator
response. These responses were obtained less
frequently than the constrictor responses. They
were obtained at times with the water bath at
temperatures from 10 to 43° C.  They were never
produced by mild stimuli, but occurred only when
the patient had actual pain, was frightened by the
noise, or experienced actual discomfort from the
ice cold towel. The stimuli employed were usu-
ally intense enough to produce quickening and
deepening of the respiration and an increase in
the force of the apex impulse. They frequently
caused a rise in the blood pressure, but at times
when an increase in volume was measured no in-
crease in the blood pressure could be detected Dy
the auscultatory method. The latent period be-
tween the application of the stimulus and the be-
ginning of the increase in volume usually did not
exceed 2 seconds and frequently was too short
to measure by our apparatus. The duration of
the dilator responses was usually from 13 to 30
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A and B. Dilatation induced by pinching the skin.

Room temperature: A, 32° C.; B, 27° C.

C. Dilatation followed by constriction in the calf produced by pinching the skin; vasoconstriction in the

forecarm from the same stimulus.

Room temperature 32° C.
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seconds, in contrast to the constrictor response,
which typically lasted from 1 to 3 minutes. Un-
like the constrictor responses, dilatation was more
casily obtained early in the experiment, especially
in the cases in which noise was the most effective
stimulus.  As the subjects became accustomed to
the noise, its effect on the circulation diminished.
Blood flow determinations made at the height of
the dilator responses in the subject who showed
the greatest increases in volume in the forearm
and the calf showed no measurable change in the
blood flow.

Biphasic reaction. The third type of response
was characterized by an increase in volume, fol-
lowed by a decrease (Figure 2-C). These bi-
phasic responses were usually greatest with the
water bath at or near 30° C. As in the mono-
phasic reactions, the latent period preceding the
increase in volume was short.

The dilator responses observed following sen-
sory stimulation can be explained in four ways.
They may be due to (a) active reflex vasodilata-
tion; () a passive increase in the volume of the
part as a result of vasoconstriction in the portion
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of the extremity proximal to the plethvysmograph ;
(¢) a passive increase in the volume of blood in
the veins as a result of an increase in intrathoracic
pressure; (d) a slight increase in the volume of
the vascular bed owing to a transient increase in
cardiac output.

(a) When the increases in volume in the fore-
arm and the calf were first observed it was as-
sumed that they were the result of changes oc-
curring in the muscles, since we had not observed
similar responses in the hand and the foot, which
contain little muscle as compared with the forearm
and the calf. In view of the fact that the stimuli
used in the previous investigation had been
weaker, however, the vasomotor responses in the
hand and the foot were retested in the 2 subjects
giving the greatest increase in volume in the fore-
arm and the calf. The stimuli were of the same
character and intensity as those used in the ob-
servations on the forearm and the calf. One sub-
ject showed on two different days an increase in
volume followed by slight constriction in both the
hand and the foot (Figure 3). In this case the
water bath was cold enough nearly to obliterate
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the constrictor response. ~The -sécond subject
showed "the biphasic response only in the foot.
Again, the latent periods preceding the increases
in volume were short. This demonstration of an
increase in volume in the hand and the foot, which
contain little muscle, indicates that the similar
response in the forearm and the calf is probably
not the result of active vasodilatation occurring
in the muscles of the forearm and the calf.
Moreover, it is unlikely that the increase in volume
is the result of active vasodilatation occurring in
the skin, since the response in the forearm and
the calf is obtained at times when the skin vessels
are already greatly dilated by a local temperature
of 43° C.

(b) It is possible that the increase in volume
is the result of vasoconstriction in the portion
of the extremity proximal to the plethysmograph.
Regardless of whether the vessels inclosed in the
plethysmograph are constricted by local cold or

dilated by local heat, the vessels proximal to the

plethysmograph may still be able to constrict. If
the vessels inclosed within the plethysmograph did
not change in caliber because they were either
dilated by local heat or constricted by local cold,
the effective blood pressure in these vessels might
be raised as a result of vasoconstriction in other
parts of the extremity. The short latent period
preceding the increases in volume and the brief
duration of the dilator responses as compared
with the constrictor responses are against this
explanation.

(¢) Changes in intrathoracic pressure influence
the volume of the parts inclosed in the plethysmo-
graphs, and produce the small respiratory waves
frequently noted in the tracings (6). A slight
expiratory effort against a closed glottis will pro-
duce an increase in intrathoracic pressure, which
will cause the venous pressure to rise and in-
crease the volume of the forearm and the calf.
A few quick breaths also will at times produce
an increase in the calf volume. Tracings of the
increases in volume thus produced differ in two
respects from tracings of increases resulting from
stimuli such as pinch or noise: (1) When the
breathing returns to normal the volume immedi-
ately returns to the base line; (2) the individual
respiratory waves are larger.

(d) The dilator response to sensory stimuli is
best explained as the result of a slight increase
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in the volume of the vascular bed owing to a
transient increase in cardiac output. This in-
crease in cardiac output would not have to be
great, as the maximum increase in volume was
about 4 cc. in a calf having a volume of 1800 cc.,
or about 0.22 cc. per 100 cc. of calf. It is true
that by the auscultatory method the blood pres-
sure did not always rise. It is possible, however,
that the increase in pressure necessary to produce
in an elastic system the volume changes observed
may be very small. While no measurements of
cardiac output have been made in the first few
seconds following sensory stimulation, an increase
may well occur, as it has been shown that the
latent period preceding the increase in pulse rate
is short. The latent period preceding accelera-
tion of the heart rate at the beginning of volun-
tary exercise is one cardiac cycle or less (7).
Bainbridge (8), using anesthetized dogs, found
that following stimulation of the central end of
the sciatic nerve the heart rate increased after a
latent period usually not exceeding 1 to 2 seconds.
These authors (7, 8) showed that this initial ac-
celeration of the heart rate was the result of a
decrease in vagal tone and not the result of stimu-
lation-of the cardiac accelerator nerves. In 1 sub-
ject observed by us the effect of noise and pinch
on the heart rate was studied with the electro-
cardiograph. After pinch the heart rate became
more rapid for 3 to 4 beats; after noise the heart
rate showed little change. This subject gave much
better dilator responses to pinch than to noise.

If the increase in volume of the part resulted
from increased cardiac output, the amount of in-
crease would be influenced by both the size of
the part and the degree of dilatation of the arterial
bed before the stimulus is given. The greater
amount of tissue present in the calf accounts for
the ease with which dilator responses are obtained
in the calf as compared with the forearm. The
influence of the amount of dilatation of the vas-
cular bed cannot be interpreted with such ease,
as in 1 subject as large increases in volume were
obtained at 10° as at 43° C.

Effect of local heat, arterial occlusion, and exercise
on blood flow in the hand, forearm, foot,
and calf in normal subjects

Local heat. In subjects lying quietly in a com-
fortable position in a room at a temperature of
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from 20 to 28° C. and with the water bath at
32° C., the values for the blood flow to the fore-
arm and foot in 4 subjects and to the calf in 5
subjects each were at about the same level, i.e.,
less than 3 cc. per minute per 100 cc. of tissue.
The blood flow to the hand was somewhat greater,
averaging 5 cc. in 8 persons. When the tempera-
ture of the water bath was raised the flow in-
creased in all parts. At a room temperature of
from 22 to 26° C. with the water bath at 37° C.
the average values were: hand (6 subjects) 10
cc.; forearm (4 subjects), foot (4 subjects), and
calf (2 subjects) around 5 cc. With the water
bath at 43° C. the average flows increased to:
hand (18 subjects) 32 cc.; foot (34 subjects) 17
cc.; forearm (7 subjects) 14 cc.; and calf (9 sub-
jects) 9.5 cc. The blood flow at 43° C. was little
affected by variations in room temperature be-
tween 20 and 30° C. Table I gives the figures
for the blood flow at 43° C. in the hand, foot,
forearm, and calf in 4 subjects.

TABLE 1

Blood flow in the hand, forearm, foot, and calf at 43° C.
recorded as cubic centimeters per minute per 100 cc.

of tissue
Hand Forearm Foot Calf
Subject
Blood| Vol- | Blood]| Vol- | Blood| Vol- | Blood| Vol-
flow | ume | flow | ume | flow | ume | flow | ume
cc. cc. cc. cc.
E.S...... 47 1462 | 11 | 748 | 16 | 1175 5 |1965
P.K...... 29 | 534 | 11 | 870 | 16 | 1266 5 1920
H.F... 28 | 370 | 16 | 673 | 18 888| 16 | 1430
E. A...... 54 | 580 | 16 [ 680 | 15 | 1260 10.9] 1280

With the water bath at 32 to 37° C. the blood
flow in the hand and the foot was greatly in-
creased by heating the body. No studies were
made of the effect on the forearm and calf flows
produced by heating the body. Grant and Pear-
son (5), however, have shown that on moderate
heating of the body there is little increase in the
forearm and calf flows as compared with the in-
crease in flow in the hand and foot. Recently
Grant and Holling (9) have reported a consider-
able increase in forearm flow following intense
heating of the body. We found that raising the
local temperatures produced a definite progressive
rise in the blood flow in the forearm and the calf.

The presence of arteriovenous anastomoses in
the skin of the hand and foot (1) suggested that
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the blood flow in the skin of the hand and the
foot might be greater than that in the skin of
the forearm and the calf. For the purpose of
comparison, the surface area of the respective
parts was determined and the blood flow at 43° C.
calculated as cubic centimeters per minute per 100
sq. cm. of skin (Table IT). Thus the mass of

TABLE II

Blood flow in the hand, forearm, foot, and calf at 43° C.
recorded as cubic centimeters per minute per 100
sq. cm. of surface area

Hand Forearm Foot Calf
Subject
Blood| Skin | Blood| Skin | Blood| Skin | Blood| Skin
flow | area | flow | area | flow | area | flow | area
sq. cm. sq. cm. 5q. cm. sq. cm.
E.S...... 45 | 482 | 23 | 393 | 28 | 678 | 15 | 656
P.K...... 28 | 548 | 22 [450 | 26 | 781 | 17 | 653

muscle present in the calf and the forearm was
completely disregarded and the parts were treated
as if the entire blood flow were to the skin. The
flow in the hand calculated in this way was still
greater than the flow in the other parts examined.
The flow in the foot was also greater than that
in the forearm and the calf.

Arteridl occlusion. In order to determine to
what extent the local heat of 43° C. produced
vasodilatation in the various parts, the heat stimu-
lus was reinforced in the hand, forearm, and foot
in 2 subjects by a 5-minute period of arterial oc-
clusion obtained by suddenly inflating cuffs prox-
imal to the plethysmographs to a pressure of 300
mm. Hg. Blood flow determinations were made
before and after the occlusion. In the foot, the
vessels were so completely dilated that in the
period immediately following the arterial occlu-
sion very little change in blood flow occurred.
In the hand the flow increased between 25 and
50 per cent, but that in the forearm increased as
much as 500 per cent. The difference between
the response of the hand and foot may be due to
the fact that the hand contains proportionally
more muscle. However, the observed difference
may be accounted for by the fact that the hydro-
static pressure is considerably greater in the foot
than in the hand plethysmograph.

Exercise. Studies were made of the effect of
exercise on the blood flow in the muscles of the
forearm in 2 subjects and in the calf in 5 sub-
jects. The exercise in the forearm consisted in
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tightly closing and opening the fist at the rate of
about 90 times per minute for 3 minutes, the mus-
cles of the forearm being held as taut as possible.
The exercise in the calf consisted of 3-minute pe-
riods of flexing and extending the ankle at the
rate of about 60 times per minute. Flows were
taken immediately after the period of exercise.
The exercise in the forearm produced no constant
change in the flow of the hand at temperatures
of the water bath varying from 32 to 43° C, as
it involved few of the muscles of the hand. How-
ever, it invariably produced a marked increase in
the blood flow in the forearm. The actual in-
crease in flow in the forearm was approximately
the same (16 to 20 cc. per 100 cc. of tissue) re-
gardless of whether the resting flow was 2 cc. at
32° C. or 10 cc. at 43° C. In the calf the in-
creases in blood flow after exercise were rarely
as striking. In 5 subjects at 43° C. the increase
averaged 7 cc. per minute per 100 cc. In 1 sub-
ject tested at both temperatures the increase was
the same at 32 and 43° C. The subjects were
not able to keep the calf muscles taut during the
period of exercise and this probably allowed better
circulation through these muscles during exercise
than occurred in the muscles of the forearm. The
effect of 3-minute exercise of the toes was tried
out in 1 subject at 30° C., and a rise in blood flow
in the foot of only 1 cc. was obtained.

In organs which contain comparatively little
muscle, such as the hand and the foot, external
heat produces relatively complete dilatation and
little further increase in blood flow can be in-
duced by a 5-minute period of arterial occlusion.
In the forearm, however, external heat causes
great dilatation only in the vessels of the skin.
Therefore, when the vessels of the muscle are
dilated by arterial occlusion, the blood flow is
greatly increased. Likewise, the fact that a given
amount of exercise in the forearm and the calf
produces approximately the same degree of in-
crease in blood flow above the resting level at
temperatures of from 32 to 43° C. is evidence that
the major portion of the vasodilatation resulting
from the heat occurs in the skin.

Effect of epinephrine and pitressin on blood flow
in the hand, forearm, foot, and calf

Epinephrine. Epinephrine hydrochloride, 1 cc.
of a 1/1000 solution, was injected subcutaneously.
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In the amounts used, epinephrine always caused
a well marked increase in the pulse rate, systolic
pressure and pulse pressure, and a fall in the
diastolic pressure. The subjects became pale and
complained of palpitation. At 43° C. marked
vasoconstriction occurred in the hand and foot,
usually lasting for 2 hours. In 4 subjects the
average flow in the hand fell from 38 to 15 cc.
per minute per 100 cc. of tissue following the
administration of epinephrine; the average flow
in the foot in 2 subjects fell from 14 to 6 cc.

In the forearm and the calf the flow never
decreased; usually it showed a definite increase
coincident with the marked increase in the am-
plitude of the pulse waves (Figure 4). A slight
increase in flow persisted after the pulse rate
and the blood pressure had returned to the resting
level. The greatest increase in blood flow usually
occurred at the height of the rise in pulse rate
and systolic blood pressure. In 8 experiments on
5 subjects at 43° C. the average maximal increase
in forearm flow was 4 cc., an increase of 40 per
cent. As the average forearm volume was 751
cc., this was an increase of 30 cc. per minute in
the flow to the mass of forearm inclosed. In 1
subject at 31° C. the forearm flow increased from
2 to 7 cc., an increase in total flow of 43 cc. per
minute. In another subject at 20° C. the flow
increased from 1.5 to 3 cc., or an increase in total
flow of 13 cc. per minute.

The calf was studied in only 2 subjects at 43°
C.; in one the flow showed no change and in the
other the flow increased from 9 to 11 cc. As the
calf volume was 1400 cc. this represented a rise
of 28 cc. per minute in the blood flow to the part
of the calf inclosed in the plethysmograph. In 2
subjects at 31° C. the average calf flow increased
from 1 to 3.5 cc. This represented an increase
of 50 cc. per minute to the portion of the calf
within the plethysmograph (Figure 5).

Blood flow determinations were made before
and after exercise of the forearm muscles in order
to ascertain whether epinephrine altered the ability
of these vessels to dilate. Three-minute periods
of exercise were carried out in the forearm as
previously described with the water bath at 43°
C. Epinephrine, 1 cc. of 1/1000 solution, was
then injected subcutaneously and similar periods
of exercise performed while the vasoconstriction
in the hand and the foot was maximal. The ves-
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Determinations in the hand and foot were made simultaneously; measurements in the

forearm were taken on another day.

sels dilated as fully with exercise as they did
before injection of epinephrine. Since the exer-
cise was difficult to quantitate, the blood flow was
determined in the forearm at 43° C. in the period
of reactive hyperemia following 3-minute arterial
occlusion before and after the subcutaneous in-
jection of 1 cc. of 1/1000 solution of epinephrine.
The resting flow of the forearm was increased by
the epinephrine ; the response to arterial occlusion
was not altered.

Pitressin. Observations were made on the ef-
fects of 1 cc. of pitressin injected intramuscularly
on the blood flow, the blood pressure, and the pulse

rate. Pitressin produced very little change in the
pulse rate or the blood pressure, the characteristic
effect being no change in the systolic and a slight
elevation of the diastolic blood pressure. All the
subjects became pale and usually complained of
abdominal cramps. In 6 experiments on 4 sub-
jects with the water bath at 43° C. injection of
pitressin produced a decrease in the average blood
flow in the hand from 43 to 15 cc.; in 2 subjects
the average foot flow dropped from 16 to 6 cc.
In 6 experiments on 4 subjects the average flow
in the forearm decreased from 13 to 10 cc. at the
height of the pitressin effect; in 1 case, however,



234

FOREARM 20°C

CALF 31°C

SECONDS
- 1

A

FF1a. 5.

PAUL KUNKEL, EUGENE A. STEAD, JR.,, AND SOMA WEISS

FOREARM 20°C

CALF 3)1°C

SECONDS

SimuULTANEOUS TrACINGS StowiNG EFrFect or ErrNerariNg, 1 cce. or 1/1000 Sortriox Sus-

CUTANEOUSLY, oN Droop Frow 1x tig ForearyM AT 20° C. AxD 1N THE CALF AT 31° C.

. Calibration in cubic centimeters; upper = forearm, lower = calf.

B. Flow tracings before epinephrine.
C. Flow tracings after epinephrine.

no change occurred. In the calf in 1 subject at
43° C. the flow decreased from 11 to 5 cc.
Studies were made at 43° C. on the response
of the vessels of the forearm muscles to 3-minute
periods of exercise, before and after injection
of pitressin. After pitressin the resting forearm
flow fell slightly, but after exercise it increased
above the base line the same as before pitressin.
In spite of the drop in the forecarm flow the ves-
sels of the muscles were able to dilate normally.

DISCUSSION

From these observations, the vasomotor reac-
tions in the forearm and the calf appear to be
qualitatively identical with those present in the
hand and the foot. The constrictor response de-
scribed is mainly or entirely the result of changes
in the vessels of the skin of the forecarm and the
calf. The sensitivity of individuals to vasomotor
stimuli varies considerably. We have observed
persons in whom powerful vasoconstriction de-
veloped even in the presence of vasodilatation
induced by local heat of 43° C.  Grant and Pear-
son (35) state that they obtained either an increase
or no change in volume in the forearm and the
calf following sensory stimulation and that in no
instance did they elicit vasoconstrictor responses.

Forearm volume = 850 cc., calf 2025 cc.

In their illustration of increase in volume follow-
ing a sudden noise the room temperature was 13°
and the temperature of the water bath 30° C.
Since our best constrictor responses were obtained
in a warm room, the difference in room tempera-
ture may account for their failure to obtain con-
strictor responses. While our data suggest that
the dilator responses are not the result of active
vasodilatation, the responses in the sympathecto-
mized forearm and calf must be studied before
final conclusions can be drawn. Such a study will
require several subjects since under the condi-
tions of our experiments several normal persons
give no dilator responses.

In the majority of the subjects the vasomotor
responses were more easily obtained in the fore-
arm than in the calf. When vasoconstriction was
produced in both organs the change in volume
was usually greater in the forearm than in the
calf. T.ikewise, as shown by the greater blood
flow at 43° C., the vessels of the forearm were
able to dilate more widely than those of the calf,
and the vessels of the hand more widely than
those of the foot. This observation that the re-
sponse of the vessels of the forearm to various
stimuli is greater than the response in the calf
is in accord with the observations of other ob-
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servers that the blood vessels of the upper part
of the body are more sensitive to both chemical
and nervous stimuli than those of the lower ex-
tremities. It has been shown that the flushing
of the skin produced by chemical agents, such as
histamine (10) and acetylcholine (11), is greater
in the upper part of the body. Likewise, Ellis
and Weiss (12) in a study of the vasomotor re-
actions in subjects with hemiplegia demonstrated
that the disturbances of the vasomotor system pro-
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duced by the lesions in the central nervous system
were much more marked in the upper than in the
lower extremity. They showed that edema oc-
curred frequently in the paralyzed upper extrem-
ity, but only rarely in the paralyzed lower ex-
tremity and that it was the result of decreased
peripheral resistance due to arteriolar dilatation.
This arteriolar dilatation was much more marked in
the paralyzed upper than in the paralyzed lower
extremity. :
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The observations reported show clearly that the
peripheral blood flow in the extremities varies
with the function of the tissue and that a stimulus
that is very effective in increasing the blood flow
in one tissue may cause relatively little response in
another. The blood flow in the skin, particu-
larly in the skin of the hands and feet, is regu-
lated to a great degree by the need of the body
to dissipate heat, and by heating the body the blood
flow can be increased many times above that re-
quired for metabolism of the tissues. The blood
flow in the muscles, however, is not directly con-
cerned with heat dissipation and is not greatly
increased even by local heat. Thus, heating the
body or a part of the body appears primarily to
drive the blood to the skin, especially to that of
the hands and the feet. In contrast, exercise is
a very effective stimulus for increasing the blood
flow in the muscles, and the ability of the vessels
of the muscles to dilate in response to exercise is
little influenced by external heat ranging from
32 to 43° C.

The striking fall in blood flow in the hand
and the foot after the subcutaneous administra-
tion of 1 cc. of epinephrine is in marked contrast
to the moderate rise in flow in the forearm and the
calf. Since the vasomotor responses of the skin
of the forearm and the calf seem to be in the
same direction as the responses of the hand and
the foot, it is logical to assume that the epinephrine
causes some degree of constriction in the vessels
of the skin of the forearm and the calf. If this
is true, relatively more blood flows through the
muscles than is indicated by the increase in total
forearm flow. From these experiments it is im-
possible to say that the vessels of the muscles
actually dilated as a result of the local action of
the drug. The observed increases in flow might
have been the result of the increased cardiac out-
put forcing blood through vessels whose caliber
had not changed. However, Grant and Pearson
(5) state that epinephrine given intravenously in
amounts small enough to cause only a transient
rise in pulse rate and but a slight fall in systolic
pressure produces vasodilatation in the forearm
and the calf with an increase in the blood flow.
Moreover, Weiss (13) has shown that the car-
diac output remains elevated even after the pulse
rate and the blood pressure have returned to
normal, indicating that the blood flow in at least
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some portions of the body must still be elevated.
This vasodilatation may be the result of the in-
creased production of - lactic acid from muscle
glycogen and of the increased basal metabolism
induced by epinephrine, rather than a direct ac-
tion of the drug on the vessels themselves. It
has been shown that, in man, after the intra-
venous injection of small amounts of epinephrine
the pulse rate and blood pressure return to normal
much sooner than the blood lactic acid (14). A
difference in the response of the vessels of the
skin and muscles to body heating and to epine-
phrine has also been demonstrated by measure-
ments of the local temperature. It has been
shown by the use of thermocouples (15) that the
application of heat to the upper extremities pro-
duces striking elevation in the surface tempera-
ture of the feet but has no effect on the tempera-
ture of the leg muscles, and that following spinal
anesthesia the temperature of the muscles re-
mains unchanged while the temperature of the
surface of the skin becomes elevated. Following
the injection of epinephrine a pronounced rise in
muscle temperature with a striking fall in surface
skin temperature was observed.

The effects of epinephrine, 1 cc. of 1/1000
solution subcutaneously, and of pitressin, 1 cc.
intramuscularly, on the flow in the dilated hand
and foot are quite similar; both cause a decrease
in flow of about equal degree. Their effects on
the circulation as a whole and on the blood flow
in the muscles are quite different. Epinephrine
causes a well marked increase in pulse rate, sys-
tolic pressure, pulse pressure, and minute output
of the heart (16); the diastolic pressure is low-
ered. Pitressin, on the other hand, causes little
change in pulse rate or blood pressure and no
change in minute output (16). These differences
are shown in the study of the peripheral blood
flow in the forearm and the calf at 43° C.; after
epinephrine the flow increases and after pitressin
it decreases. The vessels of the skin of the hand
and the foot being equally sensitive to epinephrine
and pitressin, it may be argued that the vessels
of the skin of the forearm and the calf respond
in the same way as those of the hand and the foot,
though to a lesser degree ; the decrease in the flow
in the forearm and the calf at 43° C. after pitres-
sin being due to vasoconstriction in the skin and
part of the increase in muscle flow after epine-
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phrine being masked by a similar decrease in skin
flow.

SUMMARY AND CONCLUSIONS

1. Following strong sensory stimuli, such as
pinching the skin until pain is caused, or a sudden,
loud noise, the forearm and calf respond in three
ways: (1) by a decrease in volume after a latent
period of from 3 to 9 seconds; (2) by an increase
in volume after a latent period usually not ex-
ceeding 2 seconds; (3) by a biphasic response
with first an increase in volume with a short latent
period usually not exceeding 2 seconds, and sub-
sequently a decrease in volume.

2. Reasons are stated for the belief that the
decrease in volume is the result of active reflex
vasoconstriction, while the increase in volume is
the result of a transient increase in cardiac output
and a passive distension of the vascular bed.

3. The sensitivity of vasomotor responses varies
considerably in different persons. Variations in
the same individual have been observed from time
to time.

4. The vessels of the upper part of the body
are more sensitive to physical, chemical, and nerv-
ous stimuli than those of the lower part of the
body.

5. The blood flow induced by local heat of 43°
C. is greater in the hand and foot than in the
forearm and calf even when the mass of muscle
present in the forearm and calf is disregarded and
when the blood flow is recorded as cubic centi-
meters per minute per 100 sq. cm. of surface area.

6. Local heat of 43° C. produces nearly com-
plete vasodilatation in the skin, but only relatively
slight vasodilatation in the underlying muscles.

7. Exercise is a very effective stimulus for pro-
ducing vasodilatation in the muscles, but not in
the skin. The ability of the muscle vessels to
dilate in response to exercise is not appreciably
influenced by varying the external temperature
between 32 and 43° C.

8. Epinephrine, 1 cc. of 1/1000 solution sub-
cutaneously, causes a marked decrease in blood
flow in the hand and the foot and a moderate
increase in the blood flow in the forearm and the
calf, both at 32 and at 43° C.

9. Pitressin, 1 cc. intramuscularly, causes as
great a decrease in blood flow in the hand and the
foot at 43° C. as does epinephrine. At 43° C.
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it causes a moderate decrease in flow in the fore-
arm and calf.

10. Neither epinephrine nor pitressin interferes
with the dilatation of the muscle vessels in re-
sponse to exercise or arterial occlusion.

11. The observation of Grant and Pearson (5)
that unless the circulation to the hand is com-
pletely obstructed the plethysmographic method
of measuring blood flow to the forearm is not
accurate under all conditions has been confirmed.

This investigation was carried out with the technical
assistance of Miss Sophia M. Simmons.
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