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Alterations of pressure, flow, and resistance to
flow in peripheral vascular beds occur frequently
and are often grave (5). Because of technical
difficulties, however, pressure and flow are infre-
quently measured and resistance is rarely calcu-
lated. As a result, certain facets of the alterations
continue to provoke controversy. The exact site
of the increase in peripheral resistance in essential
hypertension has not been established. Neither is
there unanimity of opinion on the caliber of veins
in congestive heart failure, extremity blood flow
in respiratory tract infection with fever, or venous
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resistance and capillary pressure after exposure
to vasoconstrictor agents or cold.

Extremity blood flow can be measured by indi-
cator dilution (6). A practical technique for
measuring pressures in small blood vessels has
been developed in animals (5, 7-9). In this study,
the animal techniques were adapted to the human
and combined with an indicator dilution method of
measuring flow, thereby providing large and small
vessel pressures, flow, and total and segmental
vascular resistances in the human upper extremity.
The techniques were then utilized to shed light on
the above problems.

Methods
Pressures were measured at two, three, or four sites

along the length of the upper extremity vascular bed.
These sites included the brachial artery just above the
elbow, the radial artery or one of its branches, a vein on
the dorsum of the hand or proximal phalanx, and a vein
in or near the antecubital space. Extremity blood flow
was estimated by an indicator-dilution method.

Pressures in the supine normal and hypertensive
human. Miniature disposable catheters 1 were intro-
duced into the brachial artery, the radial artery, a
dorsal metacarpal vein, and the median cubital vein of
the right or left arm. The catheters, made of moderately
rigid polyvinyl plastic, varied in size from one that
passed through a thin-wall 20-gauge needle to one that
passed through a regular 22-gauge needle. The catheters
were soaked for 24 hours in a 1 : 1,000 aqueous solu-
tion of benzalkonium chloride. After filling the cathe-
ters with heparinized saline, the needles were inserted
into the vessels. With sterile technique, the catheters
were passed through the needles and the needles were
withdrawn, leaving the catheters in place. The cathe-
ters in the radial artery and metacarpal vein were manipu-

1Albert E. Afford Co., Haddenfield, N. J.
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lated peripherally as far as possible, and in some in-
stances, the tips lay in the volar arch and a dorsal digital
vein of the proximal phalanx, respectively.

The catheters were attached to a single Statham re-
sistance wire pressure transducer via a multiple stopcock
arrangement that included a position for a syringe filled
with heparinized saline. The arm and transducer were
adjusted to the level of the right atrium. After deter-
mining that the position of the catheter tips allowed
free irrigation with saline and aspiration of blood, the
four pressures were sequentially recorded with a direct-
writing oscillograph. The method of sequential record-
ing obviates the practical difficulties of calibrating mul-
tiple transducer-oscillograph systems. Although the
transducer had a volume displacement of only 0.01 mm3
per 100 mmHg, the narrow lumen of the catheter some-
times damped the pressure. For this reason, only mean
pressures obtained electrically are reported.

The subjects were eight normal males with an average
age of 37 years (range, 24 to 56) and ten male patients
in the Chicago Veterans Administration Research Hos-
pital with essential or renal hypertension and an average
age of 41 years (range, 28 to 57). Five of the hyperten-
sive subjects were not receiving medication at the time
of the study. Medication in the remaining hypertensive
subjects was as follows: phenobarbital in two; chloro-
thiazide in one; chlorothiazide and reserpine in one;
phenobarbital, reserpine, hydralazine, and mecamylamine
in one. Since none of the findings in the former five
subjects was statistically different from those in the
latter five subjects, the ten hypertensive subjects were
treated as one group.

Effects of heart failitre and respiratory tract infection
with fever upon the upper extremity vascular bed. The
patients were studied at an ambient temperature of 21.6 +

0.8° C. An 18-gauge Cournand needle and a 21-gauge
thin-wall needle were inserted into the brachial artery
and antecubital vein, respectively, with the tips pointing
upstream. A dorsal metacarpal vein was catheterized
through a 21-gauge thin-wall needle as described above.
Because of the presence of orthopnea in some cases, all
patients were placed supine with the back elevated to a
300 angle. The arm and pressure transducer were ad-
justed to right atrial levels, assumed to be 10 cm per-
pendicular to the skin of the back at the level of the fifth
intercostal space. A 45- to 60-minute period of rest
f ollowed placement of the needles and catheter.

In some patients, radioactive iodinated human serum
albumin was injected into the antecubital vein to meas-
ure plasma volume by the method of Gibson and Evans
(10). After recording the pressures, upper extremity
blood flow was measured by adapting the technique of
Andres and his co-workers (6) to our preparation.
Evans blue dye, 0.7 + 0.4 mg per ml, was infused through
the Cournand needle into the brachial artery at the rate
of 1 ml per minute from a 30-ml syringe. Venous blood,
5 ml, was withdrawn from the antecubital vein begin-
ning at the 6th to 8th minute after the onset of infusion
and placed in jars containing dried heparin or oxalate.

When serial studies were performed, the same antecubi-
tal vein was sampled in each study. At the completion
of the study, the volume of the extremity to the level of
the brachial artery needle was measured by water dis-
placement.

After centrifugation, the optical density of the dyed
plasma was read promptly in microcells at 620 mp, with
a Beckman model DU spectrophotometer. All samples
were corrected for hemolysis (6) and recirculation.
When plasma volume was measured, the concentration
of dye in the sample due to recirculation was calculated.
lf the plasma volume was not determined, the conceni-
tration was measured in blood simultaneously obtained
from the contralateral antecubital vein.

Plasma flow in milliliters per minute was calculated
by dividing the infusion rate of the indicator, milligrams
per minute, by the corrected plasma concentration of the
indicator, milligrams per milliliter. This value was con-
verted to blood flow using the venous hematocrit meas-
ured in sextuplicate by the microcapillary technique.
The values obtained from two to three samples were
averaged and are reported as ml per minute per 100 ml
tissue. Total bed and venous resistances were calculated
by dividing the pressure gradients from brachial artery
to antecubital vein and from small vein to antecubital
vein, respectively, by the blood flow rate per 100 ml tissue.
These values were expressed as mmHg per ml per min-
ute per 100 ml tissue.

The subjects were 53 male patients in the Veterans
Administration Research Hospital in Chicago. Each
patient had one period of residence in the hospital during
which a partial or complete study was conducted one or
two times. Nineteen patients had the diagnosis of heart
failure, established on the basis of the usual criteria and
subsequently supported by one or more of the following
therapeutic responses: radiologic evidence of decrease
in heart size, decrease in plasma volume, decrease in
venous pressure, decrease in body weight (more than 1
kg), and diuresis. In 7 of the 19 patients, upper ex-
tremity blood flow was measured, along with other param-
eters, both in the decompensated and compensated states.
These seven patients are, therefore, reported in detail.
The average age of the 19 patients was 57 years (range,
30 to 79). Three patients, one studied twice (M.T.),
were receiving reserpine at the times of the studies.
None of the other patients was receiving drugs likely
to affect the sympathetic nervous system. Ten patients
with an average age of 44 years (range, 25 to 71) were
studied in the afebrile convalescent state after an acute
respiratory tract infection. Seven of these patients had
also been studied while febrile and acutely ill. These
seven patients are, therefore, reported in detail. An ad-
ditional 24 patients with respiratory tract infections were
also studied but are omitted from the present analysis
because of the coexistence of heart, lung, renal, or liver
disease.

Effect of position and exercise upon venous pressures
in normal subjects and in patients with compensated
heart disease. By using a thin-wall 21-gauge needle, a
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TABLE I

Mean upper extremity vascular pressures in the supine normal and hypertensive human*

No. PBA PSA PSV PLV

mmHg mmHg mmHg mmHg

Normotensive 8 100 4 4t 93 h 4 11.9 i 3.0 9.5 -+- 2.6
subjects

Hypertensive 10 152 i 21 146 4- 21 12.9 i 3.4 10.7 4 3.4
subjects

* Abbreviations: P = pressure; BA = brachial artery; SA = small artery; SV = small vein; LV = large vein.
t Standard deviation.

miniature plastic catheter (o.d., 0.56 mm) was inserted
into a dorsal metacarpal vein as described above and ad-
vanced peripherally until the tip lay in a finger web vein
or a dorsal digital vein of the proximal phalanx. A
needle was inserted into a vein in or near the antecubital
space and left in place. To avoid artifacts due to ex-
ternal pressure, the arm rested without binding on a
shelf cushioned with sponge rubber. Pressures were
simultaneously recorded from the catheter and needle
using separate transducer-oscillograph systems. Both
the arm and transducers were at right atrial level re-
gardless of body position.

Pressures were recorded with the subject supine, sit-
ting, and standing quietly on a treadmill. The treadmill
was then run at a speed of 3 miles per hour with a 50
upgrade for 10 minutes for both normal subjects and
cardiac patients. Treadmill speed had to be reduced to
2 miles per hour for two of the patients. The treadmill
was then stopped, and while the subject continued to
stand, pressures were recorded for another 10 to 15 min-
utes. Because the arm-atrial-transducer relationship
sometimes changed during the period of exercise (for
example, some subjects leaned forward while running)
but was always constant during quiet standing, only
pressures obtained before and after exercise were con-
sidered accurate. These pressures were integrated over
time with a planimeter.

The subjects were six normal males with an average
age of 39 years (range, 24 to 75) and 12 heart disease
patients, seven males and five females, with an average
age of 43 years (range, 21 to 60) in the University of
Minnesota Hospitals. Although 10 of the 12 patients had
developed symptoms and signs of heart failure in the
past, all were compensated at rest at the time of the
study. Eight had mitral stenosis, one had aortic stenosis
and insufficiency, and three had hypertensive heart dis-
ease. All had roentgenological evidence of cardiac en-
largement, and nine were receiving digitalis. None was
receiving other drugs likely to affect the cardiovascular
system.

Effects of local cold, angiotensin, and levarterenol upon
venous pressures in normal supine subjects. With the
right hand and forearm lying in a rubber trough, a thin-
walled 23-gauge needle was inserted, pointing peripher-
ally, into a dorsal metacarpal vein. Thin-walled 20-
gauge needles were inserted, pointing centrally, into an

antecubital vein and the brachial artery. The needles
were attached to a single pressure transducer, and pres-
sures were recorded with the arm and transducer at right
atrial level. Temperatures of the skin surface and sub-
cutaneous tissue near the site of the metacarpal vein
needle were measured with banjo and needle thermistor
probes,2 respectively.

Fresh saline solutions of angiotensin (1 1&g per ml),
levarterenol bitartrate (1 ,ug base per ml), and acetyl-
choline chloride (5 to 15 ,ug salt per ml) were in-
jected into the brachial artery. After their effects had
disappeared, the trough was filled with ice water to a
level that just covered the hand and entire forearm
(four subjects), or the hand and lower half of the fore-
arm were packed in ice chips (26 subjects). Pressures
were measured at 1-minute intervals for at least 10 min-
utes. The ice water was replaced with warm water or
the ice was removed. Pressures were then recorded at
1-minute intervals for an additional 10 to 16 minutes.

The study included four normal male members of the
laboratory staff of the Veterans Administration Re-
search Hospital, six normal male members of the labora-
tory staff of the University of Oklahoma Medical Cen-
ter, and 30 normal patients (21 male, 9 female) from the
Neurocardiology Center at the University of Oklahoma
Medical Center. The average age of the subjects was
50 years (range, 23 to 81).

Results

Pressures in the supine normal and hypertensive
human. In several subjects, pressure was re-
corded as the tip of a catheter was withdrawn
from the volar arch to the site of entry into the
radial artery in the wrist. The pressure did not
change significantly over this length of artery, in-
dicating that the position of the catheter tip is not
critical. This is equally true for the position of
the tip of the small vein catheter.

Table I compares mean pressures in normal and
hypertensive subjects. The only difference is
higher brachial and small artery pressures in the

2 Yellow Springs Instrument Co., Yellow Springs, Ohio.
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hypertensive subject. In the normotensive group,
the total, arterial, small vessel, and venous pres-
sure gradients were 90.5, 7.0, 81.1, and 2.4 mm

Q Hg, respectively. Hence, of the total resistance to
(if flow through the circuit, 89.6%o was provided by
3 the small vessels, whereas only 7.7 and 2.7%o
° were provided by the arteries and veins, respec-
M6 tively.

Although there is a large variance in the mean
> brachial arterial pressures in the hypertensive
Y group, there was no value so low as the highest
LI mean brachial arterial pressure in the normoten-
< sive group. The large variance, therefore, only

.@> reflects different degrees of hypertension. In the
Q hypertensive group, the mean total, arterial, small

vessel, and venous pressure gradients were 141.3,
6.0, 133.1, and 2.2 mmHg, repectively. In these

g, hypertensive patients, then, the small vessels pro-
= vided 94.2% of the resistance to flow through the

a) entire circuit, whereas the arteries and veins pro-
.r vided only 4.2% and 1.4%, respectively.

Effects of heart failure and respiratory tract in-
fection with fever upon the upper extremity vas-

;0 cular bed. In each of seven patients, the measured
Y)U rate of blood flow through the upper extremity
i,, was lower in the cardiac decompensated state than
11 in the cardiac compensated state (Table II).
: This finding was even present in four patients
¢ who had higher pressure gradients while decom-

is: pensated than while compensated. The extremity
0 vascular resistance, therefore, was always higher
3 in the presence of cardiac decompensation. The

venous hematocrit was regularly lower in the de-
= compensated state.

The pressures in small and large veins were
co higher in the decompensated state than in the

compensated state (Table III). The difference
A: in large vein pressure exceeded the difference in

Ul small vein pressure. Hence, the venous pressure
X gradient was lower during decompensation in each

of five patients studied under both conditions.
0 This finding was also apparent upon intergroup
Zl comparison. The mean venous pressure gradient

fX4 in 13 decompensated patients (Table III) was
g significantly lower (p = < 0.01) than in eight
*> compensated patients (Table III) and lower than
D in any other group of patients examined in this
* study (Tables I, V, and VI).

,U The difference in flow was about in proportion
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to the difference in the venous pressure gradient.
Therefore, by a paired comparison in the above
mentioned five patients, the resistance to flow
through veins was not significantly different in
the decompensated and compensated states (p =
> 0.6). Upon progression to the compensated
state, venous resistance rose in two patients but
remained essentially the same in three. This find-
ing was also apparent on intergroup comparison.
Although the mean venous resistance in eight de-
compensated patients was slightly lower than in
seven compensated patients (Table III), the dif-
ference was not statistically significant (p = >
0.2).

In each of seven patients, the measured rate of
blood flow through the extremity was higher in
the presence of respiratory tract infection with
fever than in the afebrile convalescent state (Ta-
ble IV). This finding was even present in four
patients who had lower pressure gradients while
febrile than while afebrile. Extremity vascular
resistance, therefore, was always lower in the
presence of respiratory tract infection with fever.
The venous hematocrit was usually higher in the
febrile state.

Ten patients were studied in the afebrile re-
covered state, at a time when the chest roentgeno-
gram was essentially clear. The average brachial
arterial pressure, large vein pressure, blood flow,
total resistance, and hematocrit were 83.2 ± 12.9
mmHg, 4.8 ± 2.5 mmHg, 5.1 + 1.7 ml per min-
ute per 100 ml tissue, 18.4 + 8.0 mmHg per ml
per minute per 100 ml tissue, and 37 ± 4%o (data
from seven of these ten patients appear in Table
IV). The value for upper extremity blood flow is

> comparable to the value of 4.7 ± 2.4 ml per min-
ute per 100 ml tissue reported by Andres and his
co-workers (6) for normal subjects.

Venous resistance was studied in four subjects.
Patient J. M. (Table IV) had a small vein pres-
sure of 8.0 mmHg and a venous resistance of

cde0.53 mmHg per ml per minute per 100 ml tissue
Xd While febrile. The latter value is to be compared
0 3 to venous resistances of 1.13, 1.23, and 0.87 mm

0
Hg per ml per minute per 100 ml tissue in three
subjects (not presented in Table IV) studied in

Cdathe afebrile convalescent state.
* .' Effects of position and exercise upon venous

pressures in normal subjects and in patients with
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compensated heart disease. None of the resting
small and large vein pressures in the patients was
significantly different from those in the normal
subjects (Table V). Also, within each group,
change of position did not significantly alter the
pressures (the higher average values in the nor-
mal subjects while sitting and standing resulted
mainly from changes in only one subject). Ex-
ercise, however, elevated the pressures in both the
normal subjects anid in the patients. In the nor-
mal subjects, small and large vein pressures rose
about equally during exercise and subsided equally
during recovery. There was, therefore, no change
in the small to large vein pressure gradient. In
the patients, however, large vein pressure rose
less than small vein pressure during exercise.

TABLE V

Average effects of position and exercise upon forearm venous
pressures and venous pressure gradient A SD in six

normal subjects and twelve patients with compensated
heart disease

Normal subjects Heart disease patients

PSV PLV AP PSv' PLV AP

mm mm inm Hg inm inm insc H9
Hg Hg Hg Hg

Supine 12.4 8.4 4.3 4 2.2 11.5 8.4 3.3 4± 1.6
Sitting 14.7 12.4 3.4 :4 2.2 11.0 8.2 2.9 ± 1.5
Standing 13.9 10.2 3.8 + 2.3 11.6 7.7 3.9 i 1.7
100* 17.6 13.9 3.8 ± 1.8 16.1 10.1 6.0 4 3.Ot
200 16.4 12.3 4.2 ± 2.3 15.5 10.0 5.5 + 2.8
300 15.2 11.9 3.3 ± 2.2 14.9 9.9 4.9 4 3.4
400 15.2 11.6 4.2 ± 2.5 14.2 9.8 4.4 ± 3.5
500 15.1 12.3 3.4 4 1.7 14.4 10.1 4.3 ± 3.5

* Time in seconds after stopping treadmill.
t Rise from standing value significant at the <0.01 confidence level

by I test. Fall from 100-second value significant at <0.01 confidence
level an average of 10.7 minutes later.

This produced a significant increase in the pres-
sure gradient immediately after exercise, which
gradually disappeared during the recovery period.

Spontaneous fluctuations in pressure were more
common in the small vein than in the large vein.
Although these fluctuations were usually small,
they were quite large in an occasional subject.
For example, in one normal supine subject ob-
served over a 15-minute period, the small vein
pressure spontaneously fluctuated over a range of
7 mmHg while the large vein pressure varied less
than 1 mmHg. The period of the fluctuations
varied from 10 to 45 seconds. The subject was
quiet and apparently relaxed.

Effects of local cold, angiotensin, and levartere-
nol upon venous pressure in normal supine sub-
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jets. In amounts that were without effect upon
brachial artery pressure, intrabrachial injection of
levarterenol produced a transient fall in small vein
pressure followed by a relatively sustained rise
above the control value (Figure 1, Table VI).
This response was observed in 15 of 15 subjects.
In 12 of 13 subjects who received more than one
different dose, the larger dose produced the
greater rise in small vein pressure. Subcutaneous
tissue temperature in the area of the small vein
needle started falling shortly after the injection
and remained low during the pressor phase. Large
vein pressure rose slightly. In 14 of 15 subjects,
the responses to angiotensin, 0.65 and 1.65 pg,
were not different from those described for
levarterenol (Figure 2, Table VI). One subject

LEVARTERENOL0.65,&ig 1.A.
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TABLE VI

Average effects of levarterenol, angiotensin, and acetylcholine
injected intrabrachially upon small and large vein pressures

Control Minimal* Maximalt

Agent Dose No. PSV PLy PSV PLV PSV PLV

pig mmHg mmHg mmHg
Levarterenolt 0.32 7 10.0 7.0 8.3 7.1 13.9 7.3

0.65 15 9.5 7.0 8.2 6.8 15.6 8.2
1.65 6 9.2 6.7 8.4 6.7 15.4 8.2
2.65 4 10.4 7.9 10.3 7.6 19.5 11.4

Angiotensin 0.65 15 9.9 6.7 8.8 6.8 14.6 7.8
1.65 6 9.4 6.1 8.6 5.8 14.0 7.7

Acetylcholine 3.25 5 10.6 8.1 13.3 10.0
chloride 8.25 5 13.4 9.5 16.6 11.6

* Minimal pressure during transient depressor phase.
t Maximal pressure during prolonged pressor phase.
t Dose in terms of the base.

FIG. 1. EFFECT OF INTRABRACHIAL INJECTION OF

LEVARTERENOLUPON SMALL AND LARGE VEIN PRESSURES
AND SUBCUTANEOUSTISSUE TEMPERATUREIN THE AREA

OF THE SMALL VEIN NEEDLE IN ONE NORMALSUBJECT.

sue temperature fell below 20° C by the end of
the period of cold exposure (Figures 4 and 5).
They then gradually rose, but control levels were

not achieved within ten minutes. Brachial ar-

terial pressure exhibited the usual transient rise
seen in a cold pressor test (Figure 4). All of
the cooled areas were red in color by the end of
the period of exposure. The erythema gradually

ANGIOTENSIN 1.65,,ug I.A.

exhibited only a fall in small vein pressure. Al-
though not apparent in Table VI, the larger dose
produced the greater rise in small vein pressure in
five of six subjects given both doses. Acetylcho-
line increased small and large vein pressures (Ta-
ble VI). The elevations were maximal in about
30 seconds and were gone in about 90 seconds.

Immersion of the hand and forearm in ice wa-

ter or packing the hand and lower half of the
forearm in ice produced a slow large rise in small
vein pressure (Figure 3). Small vein pulse
pressure also gradually increased in some ex-

periments. The pressure often continued to rise
for several minutes after removal of the ice wa-

ter or ice and then gradually returned to the con-

trol level. Large vein pressure was not regu-

larly affected. Skin surface and subcutaneous tis-

0.0

0.1

0.2
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FIG. 2. EFFECT OF INTRABRACHIAL INJECTION OF AN-

GIOTENSIN UPON SMALL AND LARGE VEIN PRESSURESAND

SUBCUTANEOUSTISSUE TEMPERATUREIN THE AREA OF THE

SMALL VEIN NEEDLE IN ONE NORMALSUBJECT.

1567

3I



KETTEL, OVERBECK,DAUGHERTY,LILLEHEI, COBURN,AND HADDY

ICE WATERIMMERSION

Median Cubital Venous Pressure

_,n Time in minute_ F Time in minutes
e after immersion. after immersion

water water out.

added Wa±rXwater added -

FIG. 3. EFFECT OF IMMERSION OF THE FOREARMIN ICE

WATERUPON SMALL AND LARGE VEIN PRESSURES.

disappeared during the next 10 minutes. Al-

though, on the average, small vein pressure did

not rise as high in the middle age group as in the

older and younger groups (Figure 5), the differ-

ences did not achieve statistical significance.

Neither was there a difference between the re-
sponses in males and females.

In two of the ice water experiments, phentola-
mine methanesulfonate, 5 mg, was injected into
the contralateral antecubital vein when small vein
pressure was well elevated. The pressure quickly
fell 16 and 4 mmHig, respectively. These pres-
sure falls represent 67 and 44% of the elevations
in pressure.

Discussion

Pressures in the supine normal and hyperten-
sive human. This study shows that the pressure
gradients down the lengths of the large arteries
and large veins are practically identical in the nor-
motensive subject and hypertensive patient. The
small vessel gradient is, however, much greater in
the hypertensive patient. Extremity blood flow
in man with essential or renal hypertension ap-
parently does not differ greatly from that in nor-
motensive man (11). Therefore, these pressure
studies suggest that the elevated peripheral re-
sistance in essential and renal hypertension re-
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sults only from constriction of the small blood
vessels. The failure to find a significant decrease
in the brachial artery to small artery pressure
gradient in the hypertensive patient despite a much
higher transmural pressure suggests that the com-
pliance of the large arteries is low. A definitive
answer to this question must, however, await
studies of the compliance of the large artery seg-
ment in the normal subject.

Effects of heart failure and respiratory tract
infection with fever upon the upper extremity vas-
cular bed. This study clearly shows that the rate
of blood flow through the upper extremity is re-
duced in low output congestive heart failure.
This abnormality has been previously suggested
by changes in skin temperature (12, 13), heat loss
(14, 15), arteriovenous oxygen or carbon dioxide
difference (16-18), and by plethysmography (19-
25). Since the pressure gradient across the ex-
tremity vascular bed was not less in the decompen-
sated state, the reduced flow clearly results from
an increase in the resistance to blood flow through
the forearm. This finding indicates that the upper
extremity vascular bed participates in the rise in
total peripheral resistance that occurs in low out-
put congestive heart failure (26-31). Further-
more, the rise in extremity vascular resistance ap-
parently results from a reduction in vessel caliber
rather than from an increase in blood viscosity
because the venous hematocrit was lower in the
congested state. The mechanism of the constric-
tion is unknown, but animal studies suggest the
participation of a baroreceptor-induced sympathi-
coadrenal discharge (32). These studies imply
that a sudden reduction of cardiac output lowers
the arterial pressure, which in turn reduces the
flow through an extremity. The fall in pressure
is, however, immediately sensed by the barore-
ceptors, which normalize arterial pressure partly
by constricting the periphery. The flow through
the extremity is now low because of increased re-
sistance to flow. The peripheral constriction
might also result in part from a local mechanism.
Recent studies indicate that a rise in venous pres-
sure causes arteriolar constriction ("venous-ar-
teriolar response"), a response which tends to
minimize edema formation (33). The mechanism
of this local response is as yet not clearly defined.

The general site of the constriction may be de-
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duced from the data. Resistance to blood flow
from the brachial artery to the small vein was
elevated, whereas the resistance to flow from the
small vein to the antecubital vein was normal or
reduced. By inference, then, the calibers of some
blood vessels upstream to the small vein were con-
stricted, whereas the calibers of the veins between
the sites of pressure measurement in the small
and antecubital veins were normal or increased.
Increased venous calibers, when present, most
likely result from passive distention due to the
elevated venous transmural pressure. Normal
venous calibers despite elevated venous trans-
mural pressure indicate a decrease in venous com-
pliance, a change which has been demonstrated by
plethysmographic techniques (22-25), and im-
plies an increase of tension in the venous wall.
The decrease in venous compliance most likely
results from the same sympathicoadrenal dis-
charge that is in part responsible for the up-
stream constriction.

Elevated small vein pressure was also demon-
strated in the patients with low output congestive
heart failure. This finding suggests that capil-
lary hydrostatic pressure is elevated and that the
edema is at least in part related to an elevated net
filtration pressure.

The pressure in a small vein may rise because
of an increase in small vein blood volume or a de-
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crease in small vein compliance. Small vein blood
volume may increase because of an increase of
flow into the small vein or because of a decrease
in flow out of the small vein. Flow into the small
vein may increase because of a rise in aortic pres-
sure or decrease in upstream resistance. Flow
out of the small vein may decrease because of in-
crease of downstream resistance or increase of
right atrial pressure. Low output congestive
heart failure did not affect brachial arterial pres-
sure, increased upstream resistance, did not regu-
larly change resistance to flow between the small
and large vein, but raised antecubital vein pres-
sure. Hence, the rise in small vein pressure must
have been related to the rise in antecubital vein
pressure. The study, by itself, does not indicate
the cause of the rise in antecubital vein pressure,
since resistance to flow from the antecubital vein
to the right atrium and right atrial pressure were
not measured. Other investigators, however, have
observed a rise in right atrial pressure and a de-
crease in the pressure gradient from antecubital
vein to right atrium in congestive heart failure
(21, 29, 30). These observations, taken with the
finding of a low extremity flow in this study, sug-
gest that the caliber of the veins downstream to
the antecubital fossa were not smaller than normal.
Hence, small vein pressure apparently rises be-
cause of increase in right atrial pressure rather
than from decrease in the caliber of downstream
veins. The rise in small vein pressure is aug-
mented, however, by the decrease in venous com-
pliance.

These studies also show that the rate of upper
extremity blood flow is increased in the presence
of respiratory tract infection with fever. This
finding is not unexpected in view of the known
effects of heat upon the peripheral circulation
(34, 35). In 1913, Stewart (36) reported low
foot blood flow in a patient febrile with pneumonia.
More recently, Walsh and Burch (37) reported
low digital blood flow in 15 of 20 patients ill with
Asian influenza and presumably febrile. These
findings are as yet unexplained. Since the pres-
sure gradient across the extremity vascular bed
was not higher in the presence of respiratory
tract infection with fever, the elevated flow
clearly results from a decrease in resistance to flow
through the extremity. Furthermore, the fall in

extremity vascular resistance apparently results
from increase in vessel caliber rather than from
decrease in blood viscosity because the venous he-
matocrit was almost always higher in the febrile
state.

Effects of position and exercise upon venous
pressure in normal subjects and in patients with
compensated heart disease. Small vein pressure
rose during exercise. This also occurs in animals
(2, 38). Since capillary pressure cannot be lower
than small vein pressure, this finding suggests that
exercise increases capillary hydrostatic pressure.
An increase in capillary hydrostatic pressure
could explain the fall of plasma volume that oc-
curs during exercise in healthy subjects and in
patients with heart disease (39).

The mechanism of the rise in small vein pres-
sure during exercise may differ somewhat in the
normal subject and in the patient with compen-
sated heart disease. Increase in flow is undoubt-
edly a factor in both. However, the small to large
vein pressure gradient did not change in the group
of normal subjects but increased in the patients
with heart disease. MNuth, Wormald, Bishop, and
Donald (14) found that, in supine patients with
rheumatic heart disease, the heat elimination from
the hand was reduced at rest, and decreased fur-
ther with leg exercise, showing only a delayed rise
as exercise continued relative to normal subjects.
The oxygen saturation of blood from deep veins
of the forearm was unchanged during exercise in
normal subjects but decreased in most patients
with rheumatic heart disease. They concluded
that the rise in hand flow during supine leg ex-
ercise is delayed and less pronounced in patients
with heart disease. A smaller increase in upper
extremity flow with a larger increase in venous
pressure gradient would imply that venous calibers
between the sites of pressure measurement were
smaller immediately after exercise in the patients
than in the normal subjects and that small vein
pressure rose by the same amount in the two
groups because the effect of the difference in flow
was nullified by the effect of the difference in
downstream venous calibers. Such a difference
in venous calibers could result from a more pro-
nounced baroreceptor-induced sympathicoadrenal
discharge in the patient with compensated heart
disease because of an impaired ability to increase

1570



UPPEREXTREMITY VASCULARBED

cardiac output in response to exercise. While a
comparison of the absolute vein pressures sug-
gests passive vasomotion as a cause of the differ-
ence in venous calibers, such a conclusion is not
warranted because the values were not statistically
different. Whatever the mechanism of the dif-
ference, it rapidly disappears on rest.

Contrary to expectation, large vein pressure did
not rise more in the patient with compensated
heart disease than in the normal subject. This
might be related to a smaller increment in flow
(14) due to the heart disease and to lesser exer-
cise (two patients could not tolerate a treadmill
speed of 3 miles per hour).

Wood (40) found a decrease in forearm ve-
nous compliance on mild leg exercise in supine
patients with congestive heart failure. This re-
sponse was absent after administration of a sym-
pathetic ganglioplegic agent. The same exercise
was without effect in compensated patients. The
amount of exercise was, however, considerably
less than in the present study. Sharpey-Schafer
(23) reported a decrease in venous compliance on
exercise in normal subjects and in patients with
heart failure. These findings are, however, diffi-
cult to interpret because there is no assurance that
the starting venous volume was the same during
rest and exercise.

The study also revealed that the pressures in
small veins are spontaneously more labile than
those in large veins. This has been previously ob-
served in the normal unanesthetized dog (7) and
by Wallace and Stead (41) in the normal un-
anesthetized human. Fluctuation in small vein
pressure without equal fluctuation in large vein
pressure could result from fluctuation of flow sub-
sequent to change in aortic pressure or upstream
resistance or from fluctuation in the resistance to
flow through veins between the sites of pressure
measurement in the small and large veins. Re-
gardless of the mechanism, the changing pressure
suggests that capillary pressure and, hence, fluid
exchange across the capillary membrane are not
static over time even in the resting state. Fur-
thermore, it demonstrates that there need be no
fixed correlation between small vein pressures
and those in larger, more central veins. Reliance
upon large vein pressure to indicate what is going
on in the periphery is, therefore, not proper.

Effects of local cold, angiotensin, and levarte-
renol upon venous pressure in normal supine sub-
jects. Levarterenol, injected intra-arterially in
amounts without effect upon arterial pressure,
raised pressure in the small vein. This response
has also been observed in animals (2, 38, 42, 43)
and, during prolonged intra-arterial infusion, is
associated with increases in organ weight (44, 45)
and volume (46). These findings have been in-
terpreted to indicate a rise in capillary hydrostatic
pressure and efflux of fluid from the capillary
(44, 45). Small vein pressure also rises after
intravenous injection of epinephrine in animals
(38) and intravenous infusion of levarterenol in
man (41, 47). Furthermore, Freeman, Freed-
man, and Miller (48) observed a fall in blood
volume and a rise of hematocrit with edema and
hypotension during prolonged intravenous infu-
sion of epinephrine in dogs. Rosenthal and Di-
Palma (49) reported a rise of hematocrit as well
as accumulation of fluid in the pericardial sac
and subcutaneous tissues during the development
of tolerance to the hypertensive effect of intra-
venously infused levarterenol in normal and sple-
nectomized dogs. Plasma expanders caused dis-
appearance of tolerance. They concluded that
loss of circulating plasma volume seems to be a
major factor in the development of tolerance to
the pressor action of levarterenol in dogs. Tol-
erance also develops in man and hypotension oc-
curs after stopping an infusion (50). A pheo-
chromocytoma may decrease blood volume (51)
and hypotension sometimes follows removal of
pheochromocytoma (52). These findings suggest
that capillary hydrostatic pressure also rises af-
ter systemic exposure to epinephrine or levartere-
nol, and the resulting fall in blood volume is at
least in part responsible for the observed changes
in blood pressure.

The mechanism of the rise in small venous pres-
sure after intrabrachial injection of levarterenol
appears to be a rise in downstream resistance out
of proportion to the rise in upstream resistance.
The upstream vessels are exposed to the agent
first and have a shorter response time (53).
Constriction of these vessels (2, 38, 46, 54, 55)
decreases the inflow into the small vein, causing an
immediate fall in small venous pressure. Very
shortly thereafter, the downstream vessels are ex-
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posed to the agent. Constriction of these vessels
(2, 8, 38, 42-46, 54, 55) out of proportion to the
upstream vessels (44-46) so impedes the outflow
from the small vein that the pressure now rises
above the control value. That the initial rise in
pressure above the control value does not result
from release of upstream constriction in the pres-
ence of less than proportionately constricted down-
stream vessels or simply from reactive upstream
dilation is indicated by the temperature measure-
ments and by blood flow studies in animals (2,
38). These factors could, however, have a role in
maintaining the pressure above the control value,
particularly since veins appear to relax slower
than arteries (53).

In this study, intrabrachial injection of angio-
tensin also produced a transient fall in small vein
pressure followed by a sustained rise well above
the control value. However, DePasquale and
Burch (47) observed no change in small vein
pressure upon intrabrachial injection of either
angiotensin (0.6 to 0.8 ug) or levarterenol (0.7
to 1.0 ,g) in man, and intra-arterial administra-
tion of angiotensin produces no change or a fall in
small vein pressure in animals (2, 8, 43, 45).
Furthermore, prolonged intrabrachial infusion
does not increase forelimb weight in the dog (45).
Clearly, the mechanism of the rise in small vein
pressure observed in this study needs further in-
vestigation. The temperature change suggests
the mechanism is venous constriction as described
for levarterenol. However, injection of angio-
tensin into an intact isolated segment of a large
superficial vein in the human forearm produces
little evidence of venous constriction (56), and
local administration has little effect on the veins
of animals (2, 8, 55, 57). On the other hand, in-
travenous administration produces a slight rise in
the pressure within the intact presumably isolated
segment of superficial forearm vein (56) and a
decrease in forearm venous compliance (58).

Acetylcholine produced only a rise in small vein
pressure. This has also been observed in animals
(2). Hence, acetylcholine, when administered
locally, may also increase capillary hydrostatic
pressure and efflux of fluid from the capillary.
The weight of the dog forelimb increases slightly
during a prolonged intrabrachial infusion of
methacholine (45). Resistance calculations in

animals (2) indicate that the rise in small vein
pressure results from increased inflow into the
small vein subsequent to decrease in upstream re-
sistance. The pressure rise is, however, antago-
nized by simultaneous slight decrease in down-
stream resistance (2).

The rise in small vein pressure during local cold
exposure has been observed previously in man
(41) and in animals (59, 60). However, the lev-
els achieved in this study clearly indicate that cold
exposure can raise capillary pressure in man.
This is of interest because hypovolemia, hemo-
concentration, edema, and hypotension are some-
times observed in cold exposure (61). Animal
studies suggest that the mechanism of the rise
in small vein pressure on local cold exposure is
increase in downstream resistance out of propor-
tion to increase in upstream resistance (60).
Downstream resistance may increase both be-
cause of increase in blood viscosity and active ve-
nous constriction. Reduction of blood tempera-
ture from 370 C to 200 C, a change similar to
that seen in the subcutaneous tissue in this study,
will double the viscosity of blood (60, 62, 63).
Exposure of the skin to cold may activate the
sympathicoadrenal system (64), a change in keep-
ing with the ameliorating effect of phentolamine
seen in this study.

Summary

Pressures were measured at four sites along the
length of the vascular bed in the human upper ex-
tremity. These sites included the brachial artery,
the radial artery or one of its branches, a vein on
the dorsum of the hand or proximal phalanx, and
a vein in or near the antecubital space. Extremity
blood flow was estimated by an indicator-dilution
method.

In essential and renal hypertension, the pressure
gradient from small artery to small vein was ele-
vated. The pressure gradients from brachial ar-

tery to small artery and from small vein to ante-

cubital vein were normal. These findings sug-
gest that the elevated peripheral resistance results
from constriction of the smaller vessels.

Congestive heart failure decreased the rate of
blood flow by increasing the resistance to flow.
Since the hematocrit was low, the increase in re-
sistance results from vascular constriction. Ante-
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cubital vein pressure rose more than small vein
pressure. The decrease in the venous pressure

gradient was about in proportion to the decrease
in flow. Venous resistance was, therefore, not
elevated, suggesting that the vascular constriction
is upstream to the small vein and compliance of
the veins is low. Elevation of small vein pressure

(and, by inference, capillary hydrostatic pressure)
apparently results both from rise of right atrial
pressure and decrease of venous compliance.

Respiratory tract infection with fever increased
the rate of blood flow through upper extremity
by decreasing the resistance to flow. Since the
hematocrit was often elevated, the decrease in
resistance results from vascular dilation.

Change in position did not affect venous pres-

sure, but exercise increased small vein pressure in
normal subjects and in patients with compensated
heart disease. This finding suggests that the loss
in plasma volume during exercise results from
elevation of capillary hydrostatic pressure. In
resting subjects, small vein pressure was spon-

taneously more variable than antecubital vein
pressure.

In normal subjects, intrabrachial injection of
levarterenol or angiotensin produced a transient
fall in small vein pressure followed by a relatively
sustained rise above the control value. Subcu-
taneous tissue temperature in the area of the
small vein started falling shortly after injection
and remained low during the pressor phase.
Acetylcholine produced only a rise in pressure.

Exposure of the hand or the hand and forearm
to cold produced a slow large rise in small vein
pressure.
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