BLOOD FLOW AND VASOMOTOR REACTIONS IN THE FOOT IN
HEALTH, IN ARTERIOSCLEROSIS, AND IN THROMBO-
ANGIITIS OBLITERANS

By PAUL KUNKEL ano EUGENE A. STEAD, JR.

(From the Thomdike Memorial Laboratory, Second and Fourth Medical Services (Harvard),
Boston City Hospital, and the Department of Medicine,
Harvard Medical School, Boston)

(Received for publication June 10, 1938)

In a previous communication (1) a plethys-
mographic method has been described for the
quantitative measurement of the blood flow in
the foot. In the present report the results of
such measurements in normal persons and in
patients with vascular disease due to arterio-
sclerosis or to thromboangiitis obliterans are re-
corded. The vasomotor reactions of the foot
were also studied in normal subjects. As the
hand is much less frequently involved in circu-
latory disturbances of the extremities, a compari-
son was made of the blood flow and the vasomotor
reactions in the hand and foot.

METHOD

The plethysmographic method described by us
(1) was used for the study of the foot, and that
described by Freeman (2) for the hand. No
attempt was made to establish basal conditions.
The subjects reclined in the horizontal position
in a quiet room, with the extremities to be tested
resting comfortably in the plethysmographs at
heart level. The water bath was maintained at
a constant temperature for 30 minutes before
readings were taken. The determinations, each
of which represents an average of five tracings
taken in rapid succession, were made at approxi-
mately 5-minute intervals. The figures given in
this report are usually averages of two or three
such determinations made after the blood flow
had reached a plateau. All the values for blood
flow in both the hand and foot are recorded as
cubic centimeters of blood per minute per 100
cc. of tissue. Various temperatures were used
for the study of the vasomotor reactions, but for
the purpose of comparing the flow in the foot
with that in the hand, and later for comparing
the flow in the normal foot with that in the ab-
normal foot, the water in the plethysmograph

was kept at 43° C., a temperature easily toler-
ated by most subjects. After 30 minutes at 43°
C. spontaneous changes in the flow produced by
vasoconstrictor impulses were at a minimum and
the environmental temperature had very little
effect on the immersed part. Throughout this
report the blood flow to either the hand or the
foot at 43° C. is designated as the “ maximal”
flow.

In 6 subjects the surface area of the hand or
the foot within the plethysmograph was deter-
mined by making a light plaster mold of the
part. This mold was cut while still soft and
made to lie flat by multiple incisions. The out-
line of the mold was traced on cardboard, which
was weighed. The surface area of the hand or
the foot was calculated from the known weight
of 100 sq. cm. of the cardboard.

Normal subjects

Mazximal blood flow in the foot. A group of
34 normal subjects ranging in age from 17 to
67 years was selected from convalescent patients
and house staff. The subjects had normal cardio-
vascular systems by the usual methods of clinical
examination with the exception of 3 persons in
the seventh decade of life who had some thicken-
ing of the radial arteries. The maximal blood
flow in the 48 feet examined in this group aver-
aged 17.1 cc., with the highest value 259 and
the lowest 11.1 cc. The average maximal flow
in the 33 feet from 23 normal males ranging in
age from 17 to 67 years was 16.3 cc., with the
highest 209 and the lowest 11.1 cc., and the
average in 15 feet from 11 females between 17
and 50 years of age was 18.7 cc., with the highest
259 and the lowest 13.4 cc. Killian and Oclas-
sen (3) used a plethysmograph for measuring
the blood flow in the foot. Most of their figures
could not be compared with ours, however, as

715



716

the flows were reported as the increase in the
volume of the foot in cubic centimeters per min-
ute. The flow in the one subject at a comparable
temperature (44.8° C.), reported as cubic centi-
meters per minute per 100 cc. of foot, was
14.8 cc.

The variation in the maximal blood flow of the
foot in different subjects was less than the varia-
tion in hand flows under similar conditions.
Blood flows in 90 per cent of the feet were be-
tween 13 and 20 cc.; in only one instance was
the flow less than 13 cc. (Figure 1). There was
no correlation between the blood flow of the foot
and advancing age (Figure 2). The individual
subjects showed considerable overlapping in all
decades, and the differences in the average blood
flow for the various decades were therefore not
significant. No persons over 70 years of age
with normal cardiovascular systems were avail-
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able for study. Pickering (4), using Stewart’s
method of calorimetry, determined the rate of
blood flow through the hand and concluded that
it declined in subjects with normal blood pressure
as age advanced. He attributed this fall to scle-
rotic changes in the vessels of the hand. This
conclusion would undoubtedly hold true for the
foot if normal blood pressure were the chief
criterion used in the selection of normal subjects
over 50 years of age. We have not regarded as
normal any person with an appreciable degree of
arteriosclerosis, even though this places many
symptomless subjects in the abnormal group.

In 12 normal subjects the maximal blood flow
was determined in both feet simultaneously.
The average difference was 1.8 cc. and the great-
est difference 4.5 cc. In 2 subjects the maximal
blood flow to the same foot was measured on
three different days. The values in one ranged

FEET
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BLOOD FLOW
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F1c. 1. DistriBuTiON OF 48 MAXiMAL Broop Frows 1N THE FEET IN 34 NorMAL
PERSONS
Cubic centimeters of blood per minute per 100 cc. of foot are plotted against
the number of feet. Ninety per cent of the flows are between 13 and 20 cc.
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from 13.4 to 15.7 cc. with an average of 14.6 cc.,
and in the other from 13.2 to 15.2 cc. with an
average of 14.4 cc. In 3 other instances de-
terminations made on the same foot on two dif-
ferent days showed a maximum change in blood
flow of 1.6 cc. In 1 subject flows of 17.2 and
21.4 cc. were obtained in the right and the left
foot, respectively. The subject was wide awake
and talkative, and had an average blood pressure
of 123/80 and a pulse rate of 76. Two weeks
later the flows were 13.1 and 15.7 cc., respectively,
the flow in the right foot still being approximately
80 per cent of that in the left foot. The patient
was drowsy but not asleep, the average blood
pressure was 110/80, and the pulse rate 62. The
fall in flow on the second examination therefore
appeared to be due to a change in cardiac output.

Simultaneous blood flow measurements in the
hand and foot. Local circulatory disturbances
are much more common in the foot than in the
hand. This difference i incidence might be the
result of (1) a special predisposition of the ves-
sels of the foot to vascular diseases; (2) a con-
genitally greater blood supply to the hand, so that
with equal degrees of circulatory impairment

symptoms would develop first in the foot; or (3)
a combination of these two factors. Therefore,
in 18 normal subjects maximal blood flows were
determined in the hand and the foot at the same
time. The average blood flow in the hand was 32
cc. with the highest value 54.4 and the lowest 18.7
cc. ; the average blood flow in the foot was 15.7 cc.
with the highest value 19.5 and the lowest 11.1 cc.
The fact that the maximal blood flow in the
hand per unit of tissue was twice that in the
foot seemed to indicate that at least one of the
factors was the congenital difference in the blood
supply.

As the bones of the foot are larger than those
of the hand, an attempt was made to obtain in-
formation from the literature on the relative vol-
ume of the bones of the foot and of the hand,
but this was not successful. As most of the
blood flow in both the hand and foot is to the
skin, an indirect approach to the problem was
made by expressing the flows in relation to the
skin area of the extremity instead of to the vol-
ume. In 6 cases, the surface areas of the hand
and foot enclosed in the plethysmographs were
measured and the blood flows calculated as cubic
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centimeters of blood per minute per 100 sq. cm.
of skin. This gave the average blood flow in the
hand as 32.3 cc. and the average blood flow in
the foot as 24.8 cc. The blood flow to the hand
calculated in this manner was 30 per cent greater
than the blood flow to the foot. The subjects
usually stated that at the same temperature (43°
C.) the foot felt warmer than the hand. It is
possible that this was owing to the smaller blood
flow in the foot and the less rapid cooling of the
tissues by the blood stream.

Vasomotor reactions of the foot and the
hand. The blood flow in the foot was greatly
modified (e¢) by the temperature of the surround-
ing water and (b) by the changes in the environ-
mental temperature of the body with the foot
at local temperatures which did not cause ex-
treme vasodilatation or constriction. At tem-
peratures as low as from 17° to 20° C. the flow
dropped to about 0.2 cc. per minute per 100 cc.
of foot. The spontaneous vasomotor variations
practically disappeared, but the respiratory waves,
not being produced by changes in vasomotor tone,
persisted. With the bath at this low tempera-
ture the vessels constricted so tightly that the
flow was not detectably modified by changing
the temperature of the environment of the sub-
ject or by immersing the hands in water at 45° C.
The blood flow dropped to such low levels that
the small amount of chilled blood returned from
the cold foot had no detectable effect on the heat
regulating mechanism, and generalized sweating
was easily induced by heating the body.

At temperatures of the water bath from 32°
to 37° C. the blood flow to the foot was greatly
influenced by the amount of generalized cutane-
ous vasodilatation present. In subjects without
generalized vasodilatation, in a cool room the
blood flow averaged about 1 cc. at 32° C. and
about 5 cc. at 37° C. When generalized cutane-
ous vasodilatation was induced by blankets and
hot water bottles or by immersing the hands in
hot water, the blood flow rose to a level of from
8 to 12 cc. The blood flow in the foot at 37° C.
caused by heating the body was rarely greater
than one-half that produced by a local heat of
43° C. There was, however, considerable indi-
vidual variation and in 1 subject heating the body
produced such marked cutaneous vasodilatation
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that the blood flow at 37° C. nearly equaled that
at 43° C. In both the hands and the feet, at
32° C., the blood flows were about 1 cc. in the
absence of generalized vasodilatation. When the
body was heated, the blood flow in the hand usu-
ally increased much sooner than in the foot.
This is in accord with the common observation
of warm hands and cold feet.

The vessels of the feet responded by vaso-
constriction to psychic influences and pinching
the skin in essentially the same manner as those
of the hand. No effort was made to quantitate
the stimuli, or to determine whether or not reflex
vasoconstriction could be limited to either the
foot or the hand by the use of appropriate stimuli
applied to various points on the body. At 43°
C. the vessels of the foot and of the hands of
different subjects showed marked variation in the
response to the pinch stimulus. Some subjects
lost the pinch response completely, while in a few
it was as active as at 37° C.

In order to determine whether the local heat
of 43° C. caused maximal dilatation of the ves-
sels of the foot, the heat stimulus was reinforced
by a 5-minute period of arterial occlusion. Wide
blood pressure cuffs were applied just above the
collecting cuff and just below the knee. These
were suddenly inflated from a large reservoir to
a pressure of 290 mm. Hg. In each instance
the arterial occlusion was complete, as was shown
by the absence of any increase in foot volume.
Measurements of blood flow were made immedi-
ately following release of the pressure, at a time
when the vascular dilatation caused by the reac-
tive hyperemia should have been at its height. In
2 subjects there was no increase in blood flow; in
a third it increased from 229 to 264 cc. Thus
the blood flows obtained with the foot bath at
43° C. are nearly maximal.

The tracings of the blood flow from the foot
at 43° C. showed a constant increase in volume
for a longer time than those from the hand at
the same temperature and were therefore easier
to interpret. This difference in behavior of the
hand and foot curves was not owing to any differ-
ence in the reaction of the vessels to heat, but
rather to technical differences. In the hand, at
temperatures from 43° to 45° C., as noted by
Capps (5) the amount of venous distention ob-
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tained by a given degree of venous obstruction
was frequently less than at lower temperatures
(37° C.). The veins, even though dilated, re-
mained full as the result of the rapid inflow of
arterial blood. The amount of available venous
space for the increase in the hand volume when
the collecting pressure was applied was small,
and the tracings were straight for only a short
distance. This difficulty has not been encoun-
tered in the foot. The slower blood flow pre-
vented the veins from becoming engorged to as
great a degree as in the hand, and the greater
hydrostatic pressure resulting from the higher
column of water in the foot plethysmograph,
caused the veins of the foot to empty more rap-
idly. That these factors were operative is indi-
cated by experiments with the hand at 43° in
which the apparent decrease in the amount of
venous distention for a given degree of venous
obstruction was increased over that present at
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37° by raising the hydrostatic pressure in the
hand plethysmograph to the same level as that
used in the foot plethysmograph. The curves of
the blood flow in the hand likewise became
straighter for a longer distance.

The identical response of the vasomotor sys-
tem in the hand and foot was also demonstrated
by the simultaneous drop in the base line of the
tracings of the hand and foot when vasoconstric-
tion was induced by a deep inspiration (Figure
34). Bolton, Carmichael, and Stiirup (6) have
called attention to this reflex in the toes and the
fingers. On the other hand, the usual respiratory
waves that were frequently visible on a slow drum
even at low temperatures (17° C.) were not of
vasomotor origin. Figure 3B shows these waves
in a subject breathing more deeply than normally.
The elevations in the hand waves occurred at the
same time as the depressions in the tracings of
the foot. During inspiration, the negative pres-
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During inspiration the foot increases and the hand decreases in volume; during expiration the

foot decreases and the hand increases in volume.
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sure in the thorax was increased ; the venous pres-
sure in the arm fell with a resulting decrease in
the volume of the hand. At the same time the
intra-abdominal pressure rose, the venous pres-
sure in the leg increased, and the foot increased
in volume. During expiration, the volume of
the hand increased and the volume of the foot
decreased. These shifts again followed the
changes in intrathoracic and intra-abdominal pres-
sures. ILluesma Uranga (7) called attention to
the fact that these waves were reversed in the
upper and lower extremities but offered no ex-
planation for the phenomenon.

Patients with arteriosclerosis and thromboangiitis
obliterans

Twenty-one feet with arteriosclerosis of the
vessels of the foot were studied in 13 subjects.
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A summary of the relevant clinical data and of
the blood flows is given in Table I. No pulsa-
tions of the posterior tibial arteries were palpable
in these subjects. In 1 of the 3 cases in whom
the dorsalis pedis pulsations were equal bilater-
ally the vessel walls were palpable and sclerosed ;
in the other 2 there was evidence of sclerosis of
the radial, brachial, and cerebral vessels. The
10 feet without symptoms and without trophic
disturbances had an average maximal flow of 8
cc. In the 11 feet with either symptoms or
trophic disturbances the flow averaged 4.8 cc.
Thus, in general, the maximal flow to the foot
can be decreased 50 per cent without producing
any signs or symptoms. When the maximal
flow is decreased to approximately one-third the
normal value, or to the level of 5 cc. or below,
symptoms and trophic changes are apt to occur.

TABLE I
Clinical data and maximal blood flow in the feet in 13 patients with arteriosclerosis of the vessels of the foot
Arterial pulsations Maximal blood
Trophic disturbances flow
Symptoms in the skin (cc. per minute per
Case Right Left 100 cc. of foot)
num- | Age Remarks
ber
Dor- | Poste- | Dor- | Poste-
Right Left Right Left salis | rior | salis | rior Right Left
pedis | tibial tibial
years
117 None None None None Present | Absent | Present | Absent 6.7 6.5 Activities restricted to home
2 | 77 None None None None Present | Absent | Present | Absent 8.2 Nol’..de:i Activities restricted to home
termine
3|7 None None None None Present | Absent | Present | Absent | Not de- 6.7 Activities restricted to home
termined
4 71 None None Dry and Dry and Present | Absent | Absent | Absent 5.8 3.3 Activities restricted to home
atrophic atrophic
5| 78 None None None None Absent | Absent | Absent | Absent 8.8 9.0 Active
6 | 57 | Mid-thigh None Red, thin and Absent | Absent 53 Ambulatory but not very active
amputation atrophic
2 years ago
7 69 | Mid-thigh None Dry, atrophic Absent | Absent 4.1 Diabetic. Activity practically
amputation with numerous restricted to home
4 years ago small dilated
veins
8 | 46 Foot Mid-thigh Pale and Absent | Absent 4.7 Diabetic. Ambulatory
sensitive | amputation cold
tocold |6 months ago
9 67 One toe | Toes painful None Middle toe dis- | Present | Abgent | Very | Absent 8.0 5.5 Diabetic. Ambulatory
amputated colored. Dor- faint
1 year ago sum of footred
10 60 None Footcolc{lfor None None Present | Absent | Absent | Absent 9.8 6.8 Ambulatory and fairly active
6 months
11 | 64 | Foot very None Persistently None Absent | Absent | Absent | Absent 4.0 9.7 Ambulatory and active
painful for cold and
2 months. very pale
Relieved
by heat
12 69 Continual pain in feet Cold, Shiny and atro-| Absent | Absent [ Absent | Absent 3.0 2.0 Bedridden
shiny and | phic. Middle
atrophic | 3toesvery cold
and dusky
13 | 58 |Nonein feet. Intermittent|  None None Absent | Absent | Absent | Absent 7.9 6.7 Activity markedly limited by
claudication of calf pain in calves
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The exact level at which these appear is influ-
enced to a large extent by the general activity
of the subject and by the exposure to cold and
trauma to which the foot is subjected. Thus no
symptoms were present in Cases 1 through 4
in whom there was an average blood flow of 6.2
cc. The activities of this group of subjects were
restricted to their homes through weakness and
senility. In the other 9 feet with blood flows
under 7 cc. only 3 were symptomless and in each
patient the range of activities was greatly limited,
in 2 by mid-thigh amputations and in the third
by intermittent claudication in both calves.

The patient in Table I with intermittent claudi-
cation in both calves had reduced blood flow in
both feet. Studies were also made on a 55-year
old man with a typical history of intermittent
claudication in the right calf of 3 years’ duration
but with no symptoms in the left calf. He com-
plained also of cold, purple feet on exposure to
low temperatures. The feet appeared normal at
room temperature (22° C.). Both dorsalis pedis
and posterior tibial pulsations were present
though they were somewhat less forceful on the
right. The maximal blood flow in the right foot
was 149 cc. and that in the left 26.3 cc. The
change in color and the pain at low temperature
were probably caused by vascular spasm. It was
assumed that the blood flow to the calf muscles
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on the right had been curtailed to a much greater
extent than the flow to the right foot, which was
still well within normal limits though decreased
for this particular individual, as was shown by
the unusually rapid blood flow in the left foot.
Thus if the arteriosclerotic changes occur in lo-
calized areas, or if adequate collateral circulation
is established, severe intermittent claudication
may occur in the calf while the blood flow in the
foot is still as rapid as in many normal indi-
viduals.

Table II gives the clinical data and blood flow
in the feet of 5 cases of thromboangiitis oblit-
erans. The diagnosis seemed to be definitely es-
tablished in the first 4 cases. The etiology of the
vascular disease in the fifth case was in some
doubt but, in the absence of any peripheral scle-
rosis demonstrable either by palpation or by x-ray
examination of the lower extremities, it has been
included in the group with thromboangiitis oblit-
erans. When the vessels of the feet are involved
in this disease the symptoms and trophic disturb-
ances are produced at about the same level of
blood flow as in the arteriosclerotic group. Thus
the 2 feet with blood flows below 6 cc. showed
either trophic disturbances or sensitivity to cold.
As in the arteriosclerotic group, intermittent
claudication of the calf may be incapacitating
while the collateral circulation is sufficient to keep

TABLE I
Clinical data and maximal blood flow in the feet in 5 patients with thromboangiitss obliterans
Duration and severity Arterial pulsations Maximal
of intermittent Symptoms and signs of blood flow
claudication in Distance | trophic disturbances in foot (cc. per minute per
Case calves before Right Left 100 cc. of foot)
num-| Age l;:ain
ber alts
patient Dor- Poste- Dor- Poste-
Right Left Right Left salis rior salis rior Right Left
pedis tibial pedis tibial
years yards
1 | 31 | 5 years; | 5 years; 200 None Skin dis- | Absent| Absent| Absent | Absent| 10.1 4.9
severe severe colored and
pigmented
2 | 32 |10 years; | 10 years;] 200 | Sensitive | Very sensi- | Absent | Absent | Absent | Absent| 5.8 | Not deter-
severe | severe to cold. | tivetocold. mined
Duskyred| Ulcer on
one toe
3 | 48 | 9 years; | No dif- | 1000 None None Absent | Absent | Present| Present| 12.8 249
severe | ficulty
4 | 49 |25 years; | 25 years;| 100 None | Ulcerontoe| Absent | Absent| Absent | Absent| 6.8 | Not deter-
severe | severe and ankle mined
S | S7 | Ques- |2years;| 200 None None |Absent| Very | Absent|Absent| 11.0 6.2
tionable | severe faint
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the blood flow in the foot within average normal
limits. When only one leg is involved, however,
this flow can be shown to be low for that par-
ticular individual by comparing it with the normal
foot. In the cases of arteriosclerosis and throm-
boangiitis obliterans no determinations were made
on feet with open ulcers. As a rule the patients
tolerated the local heat quite well, although in 4
cases the water was allowed to cool down to 42° C.
because the heat caused local discomfort. In
no case did the skin show any ill effects from
the prolonged soaking in hot water.

DISCUSSION

The plethysmographic method of studying the
circulation in the foot has an advantage over the
indirect methods, such as skin temperature meas-
urements, reactive hyperemia, histamine test, and
toe plethysmograph tracings, for blood flow is
measured directly and recorded as cubic centi-
meters of blood per minute per 100 cc. of tissue.
Therefore, direct comparison can be made not
only between blood flow in the normal and the
abnormal foot, but also between the blood flow
in the foot and in other parts of the body. The
method offers a quantitative means for following
the natural course of vascular disease in the foot
and for studying the efficacy of various forms
of therapy. The production of the maximal
blood flow in the foot by local heat obviates the
necessity for careful regulation of the room tem-
perature. As the direct heat overcomes the vas-
cular spasm, spinal anesthesia or nerve block is
not necessary for the evaluation of the degree
of vascular change in those cases in whom vaso-
dilatation is not produced by heating the body.
The plethysmographic method has the disadvan-
tage, under certain conditions, of recording the
blood flow in the entire foot. Thus, with the
pathology localized in one toe, the readings would
be within normal limits. It may be asked whether
the circulation is measured in those cases in whom
the blood is brought to the foot through small
vessels in which the pressure may drop to much
lower levels than in the larger vessels ordinarily
supplying the foot with blood. The occurrence of
blood flows of from 9 to 13 cc. in cases without
palpable pulsation in the vessels of the foot, and
the correlation of signs and symptoms with similar
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levels of blood flow in cases with arteriosclerosis
and thromboangiitis obliterans, indicate that the
collateral flow is measured when present. In
these measurements of total blood flow in the foot
no distinction is made between blood flowing
through capillaries and that flowing through ar-
teriovenous anastomoses. Thus the total blood
flow may not always indicate accurately the
amount of blood available for nourishing the
tissues.

SUMMARY AND CONCLUSIONS

1. Measurements of the blood flow in the foot
in health, in arteriosclerosis, and in thrombo-
angiitis obliterans were made under standard
conditions by the plethysmographic method.
The flow was recorded as cubic centimeters of
blood per minute per 100 cc. of tissue.

2. The blood flow to the foot reached a con-
stant level after 30 minutes at 43° C. The flow
at this temperature has been designated as the
“ maximal ” flow.

3. The average maximal blood flow to the foot
in normal persons was 17.1 cc., with the highest
259 and the lowest 11.1 cc. Ninety per cent of
the flows were between 13 and 20 cc. The aver-
age difference in the maximal flow in the right
and left foot was 1.8 cc.

4. The maximal blood flow in the foot showed
no appreciable decrease with age (17 to 67 years)
in the presence of a normal cardiovascular system.

5. The average maximal blood flow in the hand
per equal volume of tissue was twice that in the
foot. When calculated in relation to skin area
the maximal flow in the hand was 30 per cent
greater than that in the foot.

6. The vasomotor reactions of the hand and
foot were qualitatively similar. The rhythmic
respiratory waves observed during normal breath-
ing resulted from the changes in venous pressure
associated with respiration and were not of vaso-
motor origin. A deep inspiration, however, in-
duced constriction of vasomotor origin in both the
hand and the foot.

7. In arteriosclerosis and thromboangiitis oblit-
erans the maximal blood flow to the foot was
reduced 50 per cent without symptoms or trophic
disturbances. When the flow was reduced to
one-third the normal value, or to the level of 5 cc.
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or below, symptoms or trophic disturbances usu-
ally occurred.

8. In both arteriosclerosis and thromboangiitis
obliterans severe intermittent claudication in the
calf was in some cases incapacitating, though
the blood flow in the foot was as great as in
many normal individuals. Thus the presence of
an adequate supply of blood to the foot did not
eliminate the possibility of obliterative disease
involving the vessels of the calf muscles.
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