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There has been some speculation concerning the
importance of active constriction of the veins in
the production of changes in the distribution of
the blood volume in man (2). The veins are
elastic and they undoubtedly exert some influence
on blood volume distribution by their passive re-
sistance to the distending force of intraluminal
pressure. Recent observations show that forearm
veins do constrict actively (3-8) in response to
various stimuli. There is little direct quantitative
information, however, to demonstrate that such
a mechanism is capable of shifting significant
amounts of blood out of the extremities. This
study was undertaken to determine whether or not
the venous constriction induced by epinephrine or
norepinephrine infusion is sufficient to move im-
portant quantities of blood from the limbs.

METHODS

The plethysmographic determination of forearm ve-
nous volume requires the measurement of forearm ve-
nous distensibility by the method of Litter, Wood, and
Wilkins (7, 9). For making this measurement, the fore-
arm segment is enclosed in a tall plethysmograph and
water is added to a level such that the pressure on the
arm is greater than venous pressure but less than dia-
stolic arterial pressure. The arterial inflow continues
and drives venous pressure to a height greater than that
of the water column. The difference between the internal
and external pressure is the effective venous pressure.
Under these conditions this is a small positive value less
than 1.0 mm. Hg-regarded for practical purposes as
zero pressure (7). The venous volume at this effective
pressure also is small and constant (10). After the limb
is fixed, a pneumatic cuff about the arm proximal to the
plethysmograph is inflated in 1.0 mm. Hg increments

1 Read in part by title at the Forty-ninth Annual Meet-
ing of the American Society for Clinical Investigation in
Atlantic City, N. J., May 6, 1957 (1).

2 Supported by a research grant (H-2644) from the
National Heart Institute of the Public Health Service,
and aided by a grant from the Iowa Heart Association.

until the first perceptible increase in limb segment vol-
ume occurs. From this point of zero effective pressure,
an additional pressure of 30 mm. Hg is applied to the
arm in 5.0 mm. increments. This raises effective pres-
sure in the forearm segment veins from 0 to 30 mm. Hg
by the same increments of 5.0 mm. The increase in fore-
arm venous volume caused by each pressure increment
is recorded (Figure 1). A pressure-volume curve is
constructed by plotting each volume level achieved at
inflow-outflow equilibrium, expressed in mL per 100 ml. of
forearm tissue, against the corresponding level of effective
venous pressure (Figure 2). The curve so obtained is
convex toward the volume axis. If venous distensibility
decreases (Figure 2), a subsequent curve will fall below
the control curve, nearer the pressure axis. Conversely,
if venous distensibility increases, the subsequent curve
falls above the control curve, nearer the volume axis.
The final point on the curve, the volume which exists
at an effective pressure of 30 mm. Hg, is termed arbi-
trarily the venous distensibility.

The pressure-volume curve obtained in this manner ex-
presses the volume to which the forearm venous system
is distended by any level of effective venous pressure be-
tween 0 and 30 mm. Hg. Assuming that venous distensi-
bility is the same in both arms, the natural venous vol-
ume of the forearm segment is the volume coordinate
of that point on the curve which corresponds to the nat-
ural venous pressure (effective venous pressure) in the
unencumbered forearm. This procedure for measurement
of forearm venous volume was employed in a recent in-
vestigation by Wood and Eckstein (6).

PROCEDURES

Twenty-four experiments were performed on 18 healthy
men 23 to 28 years old. The subjects were studied in the
supine position with room temperature maintained at
80° F. They were nude except for shorts and a sheet
covering the trunk and legs. The right forearm seg-
ment was enclosed in the plethysmograph. The arm was
placed in the most comfortable position after it had been
determined that varying arm position with respect to
heart level did not alter venous distensibility. The
plethysmographic water temperature was 890 F. An ar-
terial occluding cuff was applied to the wrist for inflation
before each volume measurement. The arm cuff was
placed so that increments of pressure did not alter the
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position of the limb segment in relation to the plethys-
mograph. Forearm volume changes were measured with
a Statham 0 to 5.0 cm. Hg pressure transducer which
sensed changes in the height of the water in a vertical
cylinder attached to the top of the plethysmograph. The
diameter of the cylinder was such that maximal volume
increases within the plethysmograph raised the water
level 1.5 to 2.0 cm. The maximal error in effective pres-
sure produced by this displacement was about 1.5 mm.
Hg. This occurred only at the peak of some volume rec-
ords. Since the change in volume for a 5.0 mm. Hg in-
crement in effective pressure was small near the end of
the volume record (Figure 1), this maximal pressure
error caused only a negligible error in the measurement
of limb volume above the baseline.

During the control period venous distensibility was
measured intermittently in the right forearm. Simultane-
ous venous pressure measurements were made in the left
antecubital vein with a Statham 0 to 5.0 cm. Hg pres-
sure transducer. Volume and pressure were recorded
with a Sanborn direct-writing oscillograph. Arterial
blood pressure was determined by means of a sphygmo-
manometer between venous pressure measurements, with
a cuff on the arm proximal to the needle. Pulse rate was
determined by palpation of a peripheral artery. After
values for venous distensibility, venous pressure, pulse
rate and arterial pressure had become stable, epinephrine
or norepinephrine was infused into a foot vein at a con-
stant rate with a calibrated pump. Epinephrine chloride
was delivered at either 7.5 or 15.0 ,ug. per minute. Nor-
epinephrine bitartrate was delivered at 15.0 or 30.0 isg. per
minute. The baseline venous volume of the forearm was
recorded continuously during the initial portion of the
infusion period. Occasional, very small reductions in
baseline venous volume were noted, but none of these
exceeded 0.1 ml. per 100 ml. of forearm tissue.8 Five to

5J. E. Wood and J. W. Eckstein in 1956 found occa-
sional reductions in the baseline venous volume which

seven minutes of infusion were required for venous pres-
sure, pulse rate and arterial pressure to become stable at
new levels. After stabilization, one or two measurements
of venous distensibility were made. The infusion then
was stopped and intermittent observations were made un-
til control values returned. In certain experiments the
epinephrine infusion was repeated at the same rate and
for the same duration as in the initial infusion period.
In other experiments epinephrine was infused a second
time with the same rate and for the same duration after
a single intravenous injection of 5.0 mg. of the adrenergic
blocking agent phentolamine methanesulfonate (Regi-
tine@).'

Following the experiments, venous pressure-volume
curves were constructed. The natural venous volume
existing during each measurement of distensibility was
obtained by drawing a line perpendicular to the pressure
axis from the natural venous pressure value (Figure 2).
The volume coordinate of the point at which this line
intersected the curve was taken to be the natural venous
volume. Control values for venous distensibility, volume
and pressure are averages of the final three control
measurements. Infusion values are single measurements
obtained during epinephrine or norepinephrine infusion.
If more than one set of measurements were made during
infusion, the first set is reported.

-0' 15.0 mcgAn.

Experinent
No.8

Effective Venous Pressure
(m m. Hq)

FIG. 2. VENOUSPRESSURE-VOLUMECURVESOBTAINED
DURINGA CONTROLPERIOD ANDDURINGAN EPINEPHRINE
INFUSION WITH THE FOREARMAT ATR>iL LEVEL

ranged to 0.7 ml. per 100 ml. of forearm tissue when
norepinephrine base was infused at 30.0 ,tg. per minute
(11).

4 Supplied by Ciba Pharmaceutical Products, Inc.
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RESULTS

Epinephrine infusion with left forearm at atrial
level

In the first group of eight experiments (Table
I) epinephrine was infused first at 7.5 pge per
minute and repeated at 15.0 pg. per minute after
control values had been reestablished. In each
experiment venous distensibility decreased and ve-
nous pressure increased during the infusion pe-
riods. Venous distensibility averaged 3.9 ml. per
100 ml. of forearm tissue during control periods,
and fell to an average of 3.2 during infusion at 7.5
pg. per minute. At an infusion rate of 15.0 pg.
per minute the average value fell to 2.8 ml. per
100 ml. Venous pressure averaged 7.2 mm. Hg
during control periods, rose to an average of 8.9
at an infusion rate of 7.5 ug. per minute and rose
still further to an average of 10.0 at an infusion
rate of 15.0 pg. per minute. In many instances the
pressure-volume curves obtained during epineph-
rine infusion fell very close to the control curves
for the first 10 to 15 mm. Hg increase in effective
venous pressure (Figure 2). Beyond these levels
the epinephrine curve moved away from the con-
trol curve toward the pressure axis. The natural A
pressure in the veins with the arm at atrial level
(10.0 cm. above the back) often increased out of
proportion to the decrease in venous distensibility
so that at times blood appeared to shift into the
forearm during epinephrine infusion. This rela-
tionship between pressure and distensibility with
the arm at atrial level resulted in small, direction-
ally inconsistent changes in natural forearm ve-
nous volume with infusions of 7.5 or 15.0 pg. per
minute. There was essentially no change from
the average control value of 1.6 ml. per 100 ml. of
forearm tissue at either infusion rate.

Epinephrine infusion with left forearm dependent

In order to examine further and to quantitate
more satisfactorily the volume shift of blood from
the forearm veins which could be expected (on the
basis of the preceding experiments) at higher nat-
ural venous pressure levels, the routine was
changed in the second group of 11 experiments
(Table II). Epinephrine was infused only at 15.0
pg. per minute and venous pressure was measured
with the forearm approximately 14 cm. below
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TABLE II

Forearm venous responses to epinephrine infusion-Forearm dependent

Epinephrine
Control 15.0 pg./min. After epinephrlne

Experi- Venous Venous Venous
ment Venous distensi- Venous Venous distensi- Venous Venous distensi- Venous

number pressure bility volume pressure bility volume pressure bility volume

mm.Hg ml./100 mi. ml.1100 ml. mm. Hg ml./100 ml. ml ./100 ml. mm.Hg ml./100 ml. ml./100 ml
9 16.7 4.2 3.3 20.3 2.1 1.7 16.8 4.2 3.5

10 14.4 4.2 2.9 17.3 3.1 2.3 15.3 4.3 3.2
11 19.0 3.8 3.1 24.8 2.5 2.3 18.5 3.2 2.8
12 20.1 4.1 3.4 23.4 3.1 2.7 20.1 4.1 3.5
13 20.5 2.7 2.2 22.7 2.1 1.8 20.0 2.9 2.5
14 20.6 3.7 2.9 24.3 2.7 2.3 20.6 3.4 2.8
15 19.0 3.1 2.5 22.6 1.9 1.6 19.9 3.2 2.7
16 19.9 4.0 3.3 22.5 2.7 2.3 20.3 4.8 4.1
17 20.8 3.1 2.6 26.2 1.8 1.6 20.5 2.8 2.3
18 19.8 4.6 4.0 25.1 2.3 2.1 20.8 4.3 3.7
19 18.2 3.7 3.0 22.5 1.9 1.6 18.0 3.5 2.7

Average 19.0 3.7 3.0 23.0 2.4 2.0 19.2 3.8 3.1

Standard
deviation 1.92 0.57 0.49 2.30 0.47 0.38 1.80 0.67 0.56

atrial level. Again venous distensibility decreased
and venous pressure increased in each experiment
during the infusion. Venous distensibility aver-
aged 3.7 ml. per 100 ml. of forearm tissue during

50

Venous
Volume

cc./lOOcc 2.0 / .
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FIG. 3. VENOUSPRESSURE-VOLUMECuRvEs OBTAINED
DURINGA CONTROLPERIOD ANDDURINGAN EPINEPHRINE
INFUSION WITH THE FoREARmDEPENDENT

control periods and fell to an average of 2.4 during
the infusion. Venous pressure averaged 19.0 mm.
Hg during control periods and increased to an
average of 23.0 during the infusion. In each of
these experiments, in which natural venous pres-
sure was in the physiologic range existing normally
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FIG. 4. VENOUSPRESSURE-VOLUMECURVESOBTAINED
DURING A CONTROLPERIOD, DURING AN EPINEPHRINE
INFUSION, AND DURINGAN EPINEPHRINE INFUSION FOL-
LOWINGPHENTOLAMINEWITH THE FOREARMDEPENDENT
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in dependent forearms, the relationship between
venous distensibility and pressure was such that
epinephrine infusion resulted consistently in a
shift of blood out of the forearm veins (Figures 3
and 4). The average venous volume during con-
trol periods was 3.0 ml. per 100 ml. of forearm
tissue and fell to 2.0 during epinephrine infusion-
an average volume shift of 33 per cent.

Norepinephrine infusion with left forearm de-
pendent

In five experiments (Table III), norepineph-
rine bitartrate was infused at 15.0 pg. per minute
and repeated at 30.0 ptg. per minute after control
values had been reestablished. Venous pressure
was measured with the left forearm approximately
14 cm. below atrial level. Venous distensibility
decreased and venous pressure increased in each
case during the infusion. Venous distensibility
averaged 3.9 ml. per 100 ml. of forearm tissue
during control periods and fell to an average of
3.4 during infusion at 15.0 ug. per minute and to
an average of 2.3 at an infusion rate of 30.0 ,ug.
per minute. Venous pressure averaged 18.3 mm.
Hg during control periods, rose to an average of
22.2 at an infusion rate of 15.0 ug. per minute,
and rose still further to an average of 25.4 at an
infusion rate of 30.0 ,ug. per minute. The venous
volume averaged 3.1 ml. per 100 ml. of forearm
tissue during control periods and fell to an average
of 2.8 at an infusion rate of 15.0 pg. per minute.
At an infusion rate of 30.0 pg. per minute the aver-
age venous volume fell to 2.0 ml. per 100 ml.-an
average volume shift of 35 per cent.

Comparison between venous responses to epineph-
rine and norepinephrine infusions

The venous responses to epinephrine chloride in-
fusion at 15.0 ug. per minute and the venous re-
sponses to norepinephrine bitartrate infusion at
30.0 pg. per minute may be compared since these
infusion rates provide approximately equivalent
amounts of sympatheticomimetic amine bases and
since both groups of experiments were carried out
with the forearm dependent (Tables II and III).
Epinephrine infusion caused an average increase
in venous pressure of 3.9 + 1.19 mm. Hg, while
norepinephrine infusion caused an average venous
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TABLE IV

Forearm venous responses to epinephrine infusion-Efects of repeated einephrine infusion

Epinephrine Repeat eplaepbrie
Control 15.0 og./min. 15.0 ./mln.

Experi- Venous Venous Venous
ment Venous distensi- Venous Venous distensi- Venous Venous distens- Venous

number pressure bility volume pressure bility volume pressure bility volume

mm. Hg ml./100 ml. ml./100 ml. mm.Hg ml./100 ml. ml./100 ml. mm.Hg ml.1100 W. ml4100 ml.
9 16.7 4.2 3.3 19.1 2.6 2.0 19.8 2.8 2.4

11 19.0 3.8 3.1 24.8 2.5 2.3 23.8 2.5 2.3
12 20.1 4.1 3.4 23.4 3.1 2.7 24.1 2.8 2.7
15 19.0 3.1 2.5 22.6 1.9 1.6 21.6 2.5 2.2
17 20.8 3.1 2.6 25.8 1.9 1.8 27.1 1.7 1.6
18 19.8 4.6 4.0 25.1 2.3 2.1 26.6 2.3 2.1

Average 19.3 3.8 3.2 23.4 2.4 2.1 23.8 2.4 2.2

Standard
deviation 1.42 0.61 0.56 2.28 0.46 0.39 2.82 0.41 0.37

pressure increase of 7.2 + 1.31. Epinephrine
caused an average decrease in venous distensibility
of 1.3 +- 0.53 ml. per 100 ml. of forearm tissue,
while norepinephrine caused an average decrease
of 1.6 + 0.55. Epinephrine caused an average fall
in venous volume of 1.0 + 0.46 ml. per 100 ml.,
while norepinephrine caused an average fall of
1.1 + 0.45. Despite the fact that norepinephrine
caused a much greater rise in venous pressure than

did epinephrine, the venous volume changes pro-
duced by these two materials were very similar
since the slightly greater fall in venous distensi-
bility with norepinephrine was sufficient to over-

come the effect of the greater increase in distend-
ing pressure.

Epinephrine infusion repeated iteth and uwthout
prior administration of phentolamine
In six experiments, the epinephrine infusion

was repeated at the same rate and for the same

duration as the initial infusion. The venous pres-

sure, distensibility and volume responses to epi-
nephrine were found to be reproducible during
repeated infusion (Table IV). In eight other ex-

periments, the epinephrine infusion was repeated
under the same conditions after a single intra-
venous injection of 5.0 mg. of phentolamine. In
each case the decrease in venous distensibility and
the increase in venous pressure were much less
when epinephrine was infused after phentolamine
administration (Table V). In the three phentola-

TABLE V

Forearm venous responses to epinephrine infusion-Efects of repeated epinephrine infusion after phenk/iamine
Repeat eplnephrlne

Epinephrine Rep1.0 ./m
Control 15.0 /mln (after pentolamine)

Expel- Venous Venous Venous
ment Venous distensi- Venous Venous distensi- Venous Venous diatensi- Venous

number pressure bility volume pressure bility volume pressure bility volume

mm. Hi ml./100 ml. ml./100 ml. mm.Hg mi./100 ml. ml./100 il. mm.Hg mk/10 mi. a./100 im.
2 5.9 4.5 1.8 11.5 2.8 1.5 8.1 3.6 1.4
3 8.0 3.9 1.6 9.3 1.8 0.9 6.7 3.4 1.0
4 8.5 3.8 1.6 10.4 3.0 1.6 7.8 3.5 1.9
5 7.3 3.0 1.4 10.0 2.2 1.0 5.9 2.5 1.2
6 4.9 4.2 0.9 6.0 3.3 1.0 4.3 4.3 0.9

10 14.4 4.2 2.9 17.3 3.1 2.3 16.8 4.0 3.1
13 20.5 2.7 2.2 22.7 2.1 1.8 21.0 2.4 2.2
14 20.6 3.7 2.9 24.3 2.7 2.3 20.8 3.0 2.4

Average 11.5 3.8 1.9 13.9 2.6 1.6 11.4 3.3 1.8

Standard
deviation 6.40 0.72 0.71 6.70 0.53 0.57 6.93 0.67 0.80
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mine experiments (Nos. 10, 13 and 14) in which
venous pressure was measured with the forearm
dependent, the phentolamine likewise appeared to
prevent the fall in forearm venous volume which
had been produced regularly by epinephrine in-
fusion alone (Figure 4).

The reduction in the venous responses to epi-
nephrine infusion following phentolamine adminis-
tration are probably due to the adrenergic block-
ing action of the latter drug rather than to its
direct vasodilating action (12), since in two ex-
periments phentolamine administration (5.0 mg.)
alone caused no change in venous distensibility.

DISCUSSION

The peripheral venous system may be considered
an extension of the central vascular reservoir
(great veins and pulmonary vessels) from which
blood is pumped by the heart. The volume and
pressure within the central reservoir are important
determinants of the cardiac output, and under
steady conditions they are in equilibrium with it.
An increase in cardiac output must be associated
with a pressure-volume readjustment within the
reservoir which increases the availability of blood
to the heart. Such a readjustment also must re-
quire a reduction in capacity of the peripheral ve-
nous system and a shift of blood centrally, i.e., an
increased venous return. Of the many factors in-
volved in the regulation of venous return, prob-
ably the least is known about the quantitative im-
portance of active venous constriction. Since the
veins probably contain at least 75 per cent of the
blood volume (2), even a relatively slight amount
of venous contraction might be expected to move
appreciable amounts of blood.

If one assumes that the pressure-volume re-
sponses of the veins of the arms and legs are simi-
lar, it becomes possible to estimate the total amount
of blood shifted out of the extremities by the ve-
nous constriction caused by epinephrine and nor-
epinephrine infusion. Litter and Wood (10)
found the average vascular volume of the leg of a
supine subject (effective venous pressure about
8 mm. Hg) to be approximately 3.5 ml. per 100
ml. of leg tissue. If the average volume of each
upper extremity is four liters (10) and each lower
extremity 13 liters (13), the average total blood
volume of the four limbs would be approximately

1,200 ml. This value is in agreement with that of
Ebert and Stead (14), who found the average
blood volume of one upper and two lower extremi-
ties to be 900 ml. Litter and Wood (9) also found
that at an effective venous pressure of 30 mm. Hg
the average venous volume of the leg was 4.75 ml.
per 100 ml. Wefound that at an effective venous
pressure of 30 mm. Hg, the average venous vol-
ume of the forearm was 3.7 ml. per 100 ml. (Table
I). Sjostrand (15) pointed out that an average
of more than 600 ml. of blood was shifted from the
lower extremities when standing subjects assumed
the reclining position. Furthermore, Ebert and
Stead (14) found that an average of 720 ml. of
blood could be pooled in one upper and two lower
extremities by venous tourniquets. From these
figures it is apparent that the venous volume of
four dependent extremities probably exceeds 1,500
ml. Under the conditions of our experiments, epi-
nephrine and norepinephrine infusions caused
shifts of blood out of the forearm which averaged
34 per cent. Based on the observations cited
above, this shift in terms of the four extremities
would amount to more than 500 ml. This quantity
of blood, returned from the limbs alone, would
represent an appreciable fraction of the estimated
normal central blood volume, which is probably
less than 1,200 ml. (16).

Our contention that much of this blood shifts
centrally is supported by the work of Ranges and
Bradley (17), who found increases in right atrial
pressure in man following administration of epi-
nephrine; and by the observations of Bondurant,
Hickam, and Isley (18), who found increases in
central venous pressure in man during norepineph-
rine infusion. Furthermore, Rashkind, Lewis,
Henderson, Heiman, and Dietrick (19) found an
increase in the volume of a central venous reser-
voir (which collected the total venous return) in
dogs in response to the administration of epineph-
rine and norepinephrine. Freis and Rose (20)
also demonstrated an increase in central reservoir
volume and an associated increase in right ven-
tricular output during the administration of nor-
epinephrine to dogs. Peripheral venous constric-
tion, with the resulting increase in venous return,
may contribute to the increase in cardiac output
observed in normal man during epinephrine infu-
sion (21 ) and in dogs in early experimental hemor-
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rhagic shock during treatment with norepinephrine
(22).

Wood, Litter, and Wilkins (7) demonstrated
that reductions in forearm venous distensibility are
present in patients with congestive heart failure
who have elevated venous pressure. This re-
duction in distensibility, compared with values
observed in compensated patients, averaged 1.5
ml. per 100 ml. This diminution in venous disten-
sibility in a chronic condition corresponds closely
with our reduction values of 1.3 and 1.6 ml. per
100 ml. for epinephrine and norepinephrine ef-
fects, respectively, during acute administration.
In the experimental situation with these two hor-
mones, the shift of blood out of the extremities,
presumably centrad, probably serves to augment
the cardiac output. From a teleologic standpoint,
it appears that the same venous response would
be generally desirable in congestive heart failure,
inasmuch as the primary physiologic abnormality
is a subnormal cardiac output. However, in the
severe pulmonary vascular engorgement, associ-
ated with acute left ventricular decompensation, it
might aggravate the abnormality. Venisection or
application of tourniquets to the extremities prob-
ably relieves the emergency situation by diminish-
ing the effectiveness of this natural venomotor
response in the presence of a normal right ven-
tricular myocardium.

SUMMARY

Forearm venous distensibility, pressure and
volume were measured during 24 experimental
sessions in man before and during epinephrine in-
fusion, during epinephrine infusion following phen-
tolamine administration, following phentolamine
administration alone, and before and during nor-
epinephrine infusion. The following observations
were made:

1. Forearm venous distensibility decreased while
venous pressure increased during epinephrine in-
fusion in each of 19 experiments. Epinephrine in-
fusions repeated under the same conditions pro-
duced quantitatively similar venous pressure and
distensibility responses in each of six experiments.

2. These epinephrine responses were smaller in
each of eight experiments when phentolamine was
administered prior to repetition of the epinephrine
infusion. In two other experiments there was no

change in venous distensibility when phentolamine
was administered alone.

3. Norepinephrine caused a much greater rise
in venous pressure and a slightly greater fall in
venous distensibility than did epinephrine in com-
parable doses.

4. With subjects at rest in the supine position
with the forearm at atrial levels, epinephrine pro-
duced only small inconsistent changes in forearm
venous volume.

5. When the forearm was dependent, both epi-
nephrine and norepinephrine infusions regularly
caused large shifts of blood of comparable magni-
tude out of the forearm veins. It is suggested that
such venous volume shifts from the dependent ex-
tremities in man's upright position to the central
venous reservoir may be important in augmenting
the cardiac output at times of physiologic need.
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