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The mechanism by which venous pressure is
elevated in human heart disease, and the exact
relation between venous pressure and the plethora
of late cardiac failure are still uncertain. Starling,
primarily from his results with the heart-lung
preparation (1), suggested the following se-
quence:

Cardiac failure — elevated venous pressure —
accumulation of blood in the large veins —
compensatory arteriolar constriction — anoxia
of bone marrow — increase in blood volume.

This hypothesis with its tacit assumption that
“back pressure” occurs in the intact animal, as it
does more clearly in the heart-lung preparation,
- has been challenged recently by Starr, Jeffers
and Meade (2), and by Warren and Stead (3)
who relate venous pressure to cardiac failure
essentially as follows:

“Impaired cardiac function” — decreased renal
excretion of sodium and water (mechanism un-
known) — increased blood volume — elevated
venous pressure.

Starr et al, (2) observed that acute damage
of the right ventricle failed to elevate significantly
the venous pressures of dogs, but these studies
were limited to the resting state, Warren and
Stead (3) found in cardiac patients, also during
rest, that administering water and sodium chlor-
ide increased blood volume before venous pressure
rose significantly. They concluded that the earl-
iest manifestation of cardiac insufficiency is a re-
tention of fluid, the cause of which is not clear,
associated with an increase of blood volume. This
plethora or hypervolemia is said then to be re-

sponsible for the elevated venous pressure which -
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is believed, therefore, to be a remote and indirect,
rather than an immediate, result of right ven-
tricular failure.

It seems unwise, however, to draw far-reaching
conclusions of this type from venous pressures
which have been measured only at rest. It has
been shown repeatedly in the heart-lung prepara-
tion that the pressure and volume dynamics of a
damaged heart cannot be distinguished from those
of a normal heart if the imposed burden (volume
or pressure) is small, whereas clear differences
appear only when the burden exceeds the heart’s
“competence” to perform work. Thus Krayer
(4) has demonstrated that the auricular pressure
of a moderately damaged heart remains much
lower than the pressure in the venous reservoir,
until the volume of blood entering the heart is
made great enough to tax the heart’s “compe-
tence” to do work (Leistungsfihigkeit). Only
when this “competence” is approached or ex-
ceeded does blood pressure in the auricle rise to
aproach that exerted by the blood in the venous
reservoir. '

A quantitatively similar gradient between peri-
pheral and auricular venous pressures was found
(5) in auricular catheterizations of normal human
beings. In some patients with cardiac damage
normal peripheral venous pressures at rest were
associated with auricular pressures which were
considerably higher than normal. Hence in these
patients, as in the failing heart-lung preparation,
the normal gradient tended to disappear.

In addition, patients with “compensated heart
disease” commonly have a normal venous pressure
at rest when venous return is small, but often
exhibit abnormally high venous pressures during,
and for some time after, exercise when venous
return is greater and the work demanded of the
heart is correspondingly increased (6 to 10).

‘While admitting the obvious and important differ-

ences between the conditions existing in the heart-
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lung preparation and in the closed circulation of
the intact animal, it still seems probable, a priori,
that the recording at rest of a venous pressure
within the normal range gives no assurance that
cardiac function and venous pressure will remain
normal during exercise. The origin of impaired
renal function, and of plethora, in chronic con-
gestive failure may possibly be related to many
brief and intermittent elevations of venous pres-
sure, occurring whenever muscular. activity im-
poses a burden which approaches or exceeds car-
diac “competence.”

The essential questions are: (I) Granted that
acute experimental damage of the right ventricle
does not elevate venous pressure during rest, will
muscular activity, by imposing a heavier load on
the heart, raise venous pressure to a greater de-
gree than similar exercise does in normal animals?
(2) If muscular activity characteristically elevates
venous pressure in the presence of reduced cardiac
“competence” and normal blood volume, will a
simple increase in blood volume per se duplicate
this effect when the heart is normal?

The studies described below extend in anesthe-
tized dogs the observations described (2, 3) to
include (a) the effects of cardiac damage on
venous pressure during muscular activity as well
as during rest and () the effects on venous pres-
sure of increasing blood volume, also during both
activity and rest. In these dogs impaired cardiac
function did not increase resting venous pressure;
but exercise revealed a reduced cardiac compe-
tence by the rise of venous pressure it produced.
Simple plethora, produced by small or huge trans-
fusions of whole blood, even while elevating
venous pressure very temporarily during rest, did
not per se cause exercise to elevate venous pres-
sure still further in the fashion which appears to
be highly characteristic of reduced cardiac “com-
petence” in the intact animal as in the heart-lung
preparation. Reasons will be advanced for sug-
gesting that this rise of venous pressure during
exercise may be the first indication of reduced
cardiac competence and may be .responsible for
arteriolar constriction, impaired renal function, in-
creased activity of bone marrow, and finally ple-
thora or hypervolemia.

METHODS

Dogs weighing from 12 to 17 kgm. were anesthetized
by injecting into their lumbar muscles, in divided doses,
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a total of 1 ml. per kgm. of a solution containing 3 per
cent morphine, 4.2 per cent chloralose, and 50 per cent
urethane. Additional maintenance doses of 0.1 ml. per
kgm. were injected into the axillary spaces or the lumbar
muscles at intervals of one hour or more as required.
Arterial blood pressure was recorded continuously on
smoked paper by mercury manometer or, more usually,

- by a membrane manometer of the Hiirthle type, from the

left carotid artery using heparin as an anticoagulant.
Venous blood pressure was also recorded continuously
through a freshly paraffined curved glass cannula in-
serted via the right external jugular vein into the supe-
rior vena cava close to the heart. Both systems were
arranged so that “zero pressure” corresponded to the mid-
point of the antero-posterior diameter of the chest. Con-
tinued patency of the venous pressure system was assured
by washing out the cannula at intervals of 2 to 5 minutes
with 1 or 2 ml. of Ringer’s solution containing 10 units
of heparin per ml. Each “washout” was recorded on the
smoked paper. Heart rates were computed from electro-
cardiograms taken by an ink-writing oscillograph, or
occasionally by direct counts.

To induce exercise metallic lead electrodes, measuring
3 by 6 cm., were sewed by their perforated edges to the
inner and outer surfaces of each thigh and upper foreleg.
Electrode paste was applied liberally between the skin and
the lead surface to assure good conductivity. These four
pairs of electrodes were connected independently to the.
secondaries of four inductoria, the primaries of which
were activated intermittently and simultaneously from a -
storage battery by means of a motor-driven circuit
breaker. The resulting intermittent stimulation produced
a strong tetanic contraction of the major muscles of all
four legs, sustained for 0.45 second out of each second.

Three methods were used to embarrass cardiac func-
tion, viz.: (a) ligation of certain coronary arteries, (b)
production of auricular fibrillation, and (c) "elevation of
pericardial pressure (cardiac tamponade). Arterial pres-
sure, venous pressure, electrocardiograms and heart rates
were recorded during operative procedures to detect any
unusual changes induced by surgery. With a single ex-
ception, noted below in Figure 1F, the observations upon
which this report is based were limited to the pre-opera-
tive period (for control studies) and to the post-operative
period after the chest had been closed and the animals had
been breathing normally and spontaneously for at least
twenty minutes. : .

(a) Ligation of coromary arteries. After the control
response to exercise had been recorded the dog was laid
on the left side, the fourth rib removed and the thorax
opened under artificial respiration. Through a wide inci-
sion of the pericardium the chosen coronary vessels were
dissected free and ligated. The chest was then closed
and aspirated; the dog was returned to dorsal decubitus,
with legs ontspread, and artificial respiration was stopped.
After the establishment of regular spontaneous breathing
and an allowance of twenty or more minutes for recovery,
the standard exercise was induced again for 5 minutes.
After another rest period of 20 minutes a second bout of
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exercise was induced either for the usual period of 5 min-
utes or, in some cases, was continued until death ensued.

The heart was then removed, so that the location and
completeness of occlusion could be confirmed by introduc-
ing a probe into the aortic orifice of the ligated artery
until blocked by the ligature. Finally the coronary ves-
sels were injected by the technique of Fauteux (11) to
identify which of the many possible anastomotic connec-
tions were present in each instance.

(b) Auricular fibrillation. Two methods were used,
one of which (surgical) required opening the chest
whereas the other avoided thoracic surgery with its asso-
ciated trauma and loss of blood.

The surgical method (12) involved stitching the bare
ends of two otherwise insulated fine silver wires to the
surface of the right auricle through an incision in the
chest wall and a small hole in the pericardium. The
chest wound was then closed as usual except that the two
insulated wires were brought out between layers in zigzag
fashion and attached to the secondary of an ordinary in-
ductorium. After closure of the chest and aspiration of
remaining intrapleural air, the dogs were permitted to
resume spontaneous respiration and were placed again in
dorsal decubitus with legs outstretched so that the effects
of auricular fibrillation and of standard exercise, each
alone and both together, could be tested for comparison.

In the non-operative procedure a fine silver wire in-
sulated except for its terminal 2 cm., which were uncov-
ered and tightly coiled into a small spring, was threaded
through a glass tube via the left jugular vein into the
right auricle of heparinized dogs with the aid of x-ray
fluoroscopy. The coil was arranged so that when pushed
beyond the end of the glass tube its natural springiness
would bring it into contact with the inner surface of the
right auricle. The other electrode was introduced per os
into the esophagus far enough to bring the stimulating
surface behind the base of the heart. This stimulating
surface consisted of a copper rod which projected about
3 centimeters from a heavy rubber tube. Wires from
both electrodes were attached to a stimulator, usually an
ordinary inductorium.

(¢) Cardiac tamponade. The chest having been opened
as usual under artificial respiration, a minute incision was
made in the pericardium. A small, rubber covered, glass
cannula filled with Ringer’s solution was introduced,
sewed tightly, and connected by stiff rubber tubing to a
water manometer, a calibrated reservoir bottle and a
syringe through a 3-way stopcock. After testing the sys-
tem for leakage by addition and aspiration of Ringer’s
fluid, the chest wound was closed tightly around the tube
leading to the cannula, residual air was aspirated from
the thorax and artificial respiration was stopped. As in
other procedures observations were begun only after the
animal had been breathing spontaneously for 20 minutes
or more. ’

Blood volume was increased by measured transfusions
of whole blood or infusions of Ringer’s fluid. For trans-
fusions blood was removed, on the day of the experiment,
from the carotid arteries of donor dogs. As blood entered
the collecting flask, anticoagulant was added to each 100
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ml. progressively in the amount of 4 ml. of a solution
containing 8 per cent sodium citrate and 0.1 ml. (100
units) of liquid heparin (Connaught). This blood was
pooled, kept at room temperature for not more than four
hours and then warmed to body temperature prior to
injection into the left jugular vein except in one in-
stance when a femoral vein was used.

In one series of observations a volume of blood equal
to 50 per cent of the calculated total blood volume of the
animal was injected at a uniform rate of 50 ml. per 30
seconds by using a 50 ml. syringe connected to the venous
cannula and the reservoir bottle through a 3-way stop-
cock. The use of the syringe made the injection slightly
discontinuous because 5 seconds out of each 30 were re-
quired for refilling the syringe. On the other hand this
method offered the advantage of making the transfusions
accurate and uniform as to average rate and total volume.

In a second series, in a sense the converse of the first,
venous pressure was maintained relatively constant at
high predetermined levels for 15 to 45 minutes by infusing
relatively huge volumes of whole blood or of Ringer’s
solution at whatever rate and in whatever total amount
might be necessary. The largest possible cannula was
inserted via the left jugular vein into the superior vena
cava and connected by wide rubber tubing to a Mariotte
bottle, which was calibrated for volumes up to 4500 ml.
The height of the bottle above the mid-thoracic level de-
termined the venous pressure which could be developed;
the variable in this series being the rate of infusion. Both
the rate of flow and the total volume of the fluid entering
the circulation could be followed by means of calibrations
on the .Mariotte bottle and appropriate signals on the
smoked record. The effects of exercise could then be
studied (@) at normal venous pressure and blood volume,
and (b) at abnormally high, sustained venous pressures
due to plethora well beyond the physiological range.

OBSERVATIONS

1. Effects of graded exercise induced in anes-
thetized dogs

Without operative procedures other than the
simple insertion of arterial, tracheal and venous
cannulae, the effects of graded exercise (one, two
or four limbs, and 15 to 120 contractions per
minute) were observed either in prolonged control
studies, or as single control tests prior to opening
the chest. A few representative single observa-
tions on different dogs are summarized in Table
I to show .primarily the general magnitude of
changes in arterial blood pressure, central venous
pressure and heart rate, as well as the variability
of these changes from animal to animal.

Increasingly vigorous exercise, as would be ex-
pected, produced greater tachycardia and greater
rise of arterial pressure but it is also obvious that
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TABLE I

Representative effects of 5 minute bouts of exercise; 1, 2'and
4 limbs; contracting at 4, 2, 1 and 1/2 second intervals

Change from prior average resting .
state produced by five Approxi-
Number | Con- minutes’ exercise mate time
of limbs | tractions for heart
con- ] return to
tracting | minute alzlté;ieu;l S:Eg‘a;l Heart 'fs‘i‘} g
blood pressure rate eve
pressure
mm. Hg mm. water bfﬂ:fé' min.
1 60 0 0 0 1
2 60 0 0 + 6| 20(?)
4 15 +20 | (+5* -5 | + 23 8
4 30 +10 - 10 + 26 5
+50 |(430)* —44| 4102 | 20+
0 - 10 +122 | 20+
4 60 +50 -105 +195 | 20+
+10 0 +107 | 20+
420 |(+4+10)* —40( 4 56 | 204
4 120 +14 - 5 + 62 154

* Figures in parentheses indicate transitory elevations
of venous pressure with the first few contractions and
lasting from 5 to 15 seconds only.

with similar intensity of exercise the quantitative
responses in different animals varied widely.
Anesthesia itself, or varying absorption of anes-
thetic, may have been partially responsible. In
any case, differences in muscular development and
in vigor of contractions made it advisable to base
conclusions on comparisons between pairs of con-

trol and experimental observations in the same

. animal.

Resting heart rates were almost always between
70 and 100 per minute with exceptional rates up
to 130 in a few animals. In all cases contractions
of four limbs produced a significant, relative
tachycardia with absolute rates in excess of 180
and often over 200 beats per minute. The slow-
ness with which this tachycardia disappeared after
exercise indicated that a significant burden had
been imposed on the circulation. Lesser grades
of exercise were insufficient to produce uniform
and marked tachycardia, while increasing the con-
traction rate to 120 per minute offered no clear
advantages. Hence the standard bout of exercise
chosen consisted of contractions of fouyr limbs,
once per second, for 5 minutes, after a prior rest of
at least 20 minutes.
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In prolonged control observations consisting of
six or more such bouts of exercise, separated by
at least 20 minutes of rest, the acute changes pro-
duced by successive bouts were approximately
similar until hyperthermia supervened. Each pe-
riod of standard exercise elevated body tempera-
ture in the first three or four bouts by 0.2° to
04° C., after which the rise might become as
much as 0.5° or 1.0° C. per bout. Normal ani-
mals died of hyperthermia with secondary circu-
latory failure rather than from circulatory failure
per se. No dependence could be placed on ob-
servations made when body temperatures ex-
ceeded 40° C.

It is probable that a rest of 20 minutes between
bouts of exercise was not quite long enough to
permit complete recovery because in addition to
rising body temperature the resting heart rate
increased slowly, and resting venous pressure
tended to fall slightly, even though the acute
change in successive bouts remained comparable
in magnitude until exhaustion developed. For
these reasons primary emphasis will be placed on
comparing in each animal the acute changes pro-
duced (a) by control exercise while cardiac
function was normal, and (b) by the first and
second bouts of exercise induced after cardiac
function had been interfered with, or blood volume
had been increased.

2. Ligation of coronary arteries: effect on venous
pressure during rest and exercise

After control observations on venous pressure
during rest, and in 7 of 11 dogs also during exer-
cise, the right coronary artery was ligated in 5
dogs, the circumflex artery in 2 and the right
coronary artery with the ramus descendens or its
main branch in 4. Table II summarizes the re-
sults in these animals giving in each instance the
site of ligation and the anastomoses revealed by
post-mortem injection of the coronary arteries.
Following the system used by Fauteux (11) type
iii refers to anastomosis between the posterior
branch of the circumflex artery and the ramus
descendens ; type iv to anastomoses between both
posterior terminal branches of the right and left
coronary arteries, and type v to anastomosis be-
tween the anterior branch of the right coronary
artery and the ramus descendens,
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TABLE II

Effect of exercise on central venous pressure of dogs before and after ligation of coronary arteries

Absolute venous pressures* Change in venous pressure produced
l":g.g (measu ii(ief ;:g‘"lliga;trigg orifice) Anastomoses Before ligation After ligation ope?a);ion By exercise
3 and
During During During During ligation Before After
rest exercise rest exercise (resting) ligation ligation
mm. H:O | mm. H:0 | mm. H:0 mm. H20 mm. H:O | mm. H:0 mm. H20
9 | Rt. coronary, 13 mm. iii, iv +28 + 5 +20 +350 - 8 —-23 +30
10 | Rt. coronary, 14 mm. iii, v —10 —-50 —28 - 8 —18 —40 +20
12 | Rt. coronary, 15 mm. iii, iv +32 —64 +12 0 —20 -96 —12
. (+40)t (+28)t
14 | Rt. coronary, 12 mm. iv +40 —14 —10 —-20 —50 —54 —10
29 | Rt. coronary, 19 mm. iv +10 —10 Ventricular fibrillation—3 minutes after ligation
7 | Circumflex, 40 mm. None +30 +20 + 8 +40 —-22 —-10 +32
8 | Circumflex, 10 mm. iv +20 —10 Ventricular fibrillation—13 minutes after ligation
15 | Rt. coronary, 18 mm. None +12 Ventricular fibrillation—2 minutes after ligation

Ramus descendens, 30 mm.

16 | Rt. coronary, 19 mm. iii, v +100
Ramus descendens, 30 mm.

+72 +40 —28 —-32

17 | Rt. coronary, 20 mm. i +36
Ramus descendens, 29 mm.

Ventricular fibrillation—5 minutes after ligation

20 | Rt. coronary, 19 mm. ii, iv +39
Ramus descendens, 29 mm.

+24 +20 —15 -4

* Referred to mid-point of antero-posterior diameter of chest.
t After 20 minutes’ exercise and prior to ventricular fibrillation.

The effects of ligating the same coronary vessels
differed from animal to animal as might be ex-
pected from the recorded differences in anasto-
motic connections.  Ventricular fibrillation oc-
curred in 4 instances within 2 to 13 minutes after
ligation while the animal was still in the resting
state. As ventricular fibrillation began arterial
pressure fell percipitously to zero while venous
pressure rose with similar abruptness to 150 mm.
of water or more. This, however, represents an
agonal rise of venous pressure and is not. relevant
to the present question as to whether venous pres-
sure can rise while arterial pressure remains at or
near its normal level.

In the remaining 7 animals, interference with
coronary circulation did not elevate the venous
pressure during rest; in fact resting venous pres-
sure after coronary ligation was less than the pre-
operative resting venous pressure by 8 to 50 mm.

water. This agrees with earlier observations by
others (13, 2).

On the other hand, comparisons of venous pres-
sures during exercise before and after ligation re-
vealed important differences. Before ligation ex-
ercise lowered venous pressures acutely by be-
tween 10 and 96 mm. water. The first few con-
tractions in some instances produced a transient
elevation lasting not more than 5 to 15 seconds,
owing apparently to sudden increase of venous
return by the initial simultaneous tightening of the
muscles of all four extremities. This was soon
followed by tachycardia, quicker and deeper res-
pirations, and a reduction of venous pressure
which was sustained (Figure 1A) or actually be-
came progressively more marked (Figure 1D).

After ligation, exercise elevated venous pres-
sure in 3 animals (e.g. Figure 1, B and C) by 30,
20, and 32 mm. water. The magnitude of these
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elevations was not great but it must be remem-
bered that the blood loss and trauma of thoracic
surgery would tend to reduce available blood
volume and to diminish any possible increase of
venous return produced by exercise. Moreover,
even in those animals not showing an absolute
elevation of venous pressure during exercise after
ligation, the fall was always less pronounced than
that observed during control exercise. Unfortu-
nately, control figures are incomplete in 2 animals
(no. 16 and 20) but for the remaining 5 the total
algebraic differences between venous pressures
during exercise before and after ligation amount to
+ 53, + 60, + 84, + 44, and + 42 mm. water.

Before operation heart rates during rest ranged
from 57 to 96 beats per minute; and after opera-
tion, also during rest, from 86 to 176 beats per
minute. Control exercise, prior to operation, in-
creased the heart rate by 50 to 195 beats per
minute, the highest observed absolute rate being
252 beats per minute. Similar exercise, after op-
eration and ligation of the coronary arteries, raised
the heart rate from the higher resting levels by
smaller increments, viz. by 16 to 86 beats per
minute, the highest absolute rate being 236 beats
per minute. These results, when compared singly
or in the aggregate, were not related in any con-
sistent fashion to the observed changes in venous
pressure, which therefore cannot be ascribed to
excessive tachycardia and incomplete filling of the
right ventricle.

Arterial blood pressure did not necessarily fall
as venous pressure rose with exercise. Figures
1A, B, C reproduce the record of dog 9 to show
(@) the unchanged resting venous pressure after
ligation (compare initial sections of 1A and 1B)
and (b) the effect of ligation on the circulatory
response to exercise. Before ligation (Figure
1A) exercise was accompanied by a rise of ar-
terial pressure and a fall of venous pressure. After
ligation (Figure 1B) similar exercise led to a rise
of venous pressure by 30 mm. water associated
with a relatively constant arterial pressure. Repe-
tition of exercise after 20 minutes of rest gave
essentially similar results (Figure 1C).

Figures 1D and 1E have been included because
dog 12 was described with those in which venous
pressure did not rise during exercise even after
ligation, a conclusion which applies only to the
first 5-minute period which was used routinely
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for comparison. Just at the end of the standard
post-operative exercise it was observed that
venous pressure rose sharply during a few seconds
when frequent extrasystoles occurred. Exercise
was therefore continued even after the arrhythmia
ceased and for the next 20 minutes venous pres-
sure rose irregularly, though systolic and diastolic
arterial pressure (indicated by Hiirthle mano-
meter) remained relatively constant. Finally ven-
tricular fibrillation produced the typical abrupt
fall of arterial pressure and the usual agonal rise
of venous pressure.

It has been mentioned that in all of the animals
which survived long enough to be exercised,
resting venous pressure was not elevated, indi-
cating that right ventricular function was adequate
for the resting state even though the burden of
exercise might reveal impairment. In only one
instance was an immediate rise of resting venous
pressure observed (Figure 1F) and this followed
a double ligation, of which the second involved a
right coronary artery having no anastomotic con-
nections detectable by later injection. This dog
was included in Table II among the four dying
of early ventricular fibrillation but in this single
instance frequent extrasystoles preceded the fibril-
lation by a few minutes during which, with the
animal at rest and the thorax open, venous pres-
sure rose by 30 mm. water without great reduction
of mean arterial pressure. Ventricular fibrillation
ensued within 3 minutes and the irregularities
of the latter part of the pressure tracings were
produced by cardiac massage in unsuccessful
efforts to rostore normal rhythm.

These findings suggest that acute interference
with the blood supply of the right ventricle com-
monly failed to elevate resting venous pressure
because in the more severely damaged hearts, ven-
tricular fibrillation usually ensued before cardiac
“competence” could be reduced to the point at
which the heart was unable to handle the small
venous return characteristic of the resting state.

-In the survivors, with lesser reductions of cardiac

“competence,” resting venous pressure was normal
but exercise revealed, through a rise of venous
pressure, a decrease in the ability of the heart to
handle adequately the increased venous return.
The incidence of ventricular fibrillation and the
unpredictability of anastomotic connections made
it desirable to test the validity of these findings
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by using other methods of embarrassing the heart's

action.

3. Auwricular  fibridlation,  artificially  induced;
cffects on central venous pressure alone and
combined with cxercise

Auricular fibrillation, a common clinical cause
of both acute and chronic congestive failure, was
produced («) in 5 dogs by the surgical method

(12) and (b) in 4 dogs by a less traumatizing

procedure, which did not require opening the

chest, avoided blood loss, and left intrathoracic
pressure and the pericardium completely undis-
turbed (sce Methods). ISvidence that true auri-

cular fibrillation was produced consisted of (1)

direct inspection of the exposed heart during

stumulation (in operated anmmals only), (2) re-
cording of svstolic and diastolic arterial pressures
during stimulation on a rapidly moving drum, and

(3) electrocardiograms recorded by ink-writing

oscillograph immediately after stimulation ceased

and before normal rhyvthm returned.  Transient
periods of auricular flutter with shifting block
were identified on several occasions.  In a few
early experiments a condenser stimulator was used

DOG No. 33
240
MEAN 160
ARTERIAL A
PRESSURE 80 ) ;
MM. HG 0
100
80
VENOUS 60
PRESSURE 40
20
MM. H0 0
- 20
-40
EXERCISE
AURICULAR FIBRILLATION
TIME — MINS.
I9ra. 2.
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to vary the voltage, duration and irequency of
stimuli; but no advantage could be observed and
the simple inductorium was used routinely there-
after.  During aurtcular fibrillation  ventricular
rates of 172 to 444 per minute were observed in
dogs prepared by the surgical method, and rates of
200 to 300 per minute were found in the unoper-
ated dogs.

Figure 2 illustrates one of the more striking
examples of the acute changes in central venous
pressure produced () first hy exercise alone then
with superimposed auricular ibrillation, (0). first
by fibrillation alone; then with superimposed ex-
ercise, and (¢) by exercise alone 20 minutes later.
The record is striking because, by chance, fibrilla-
tion alone produced no significant change m ve-
nous pressure, indicating that arrhyvthmia per se
did not, 1 this instance, reduce the “competence”
of the heart to the point where “back pressure”
could be identified at rest.  Superimposed exer-
cise, however, made this reduction of “compe-
tence” obvious by increasing the work demanded
of the heart and by raising venous pressure.

Table TIT summarizes the experiments in this
group, with the exception that the results on 2

DOG No. 33

[
yi, WV MW

ErrecetT oF FEXERCISE AND AURICULAR FIBRILLATION, ALONE AND ToGETHER ON Meax Awrreriar Pres-

SURE AND CENTRAL VENOUS PRESSURE

Mean arterial pressure recorded by membrane manometer damped by partially closed stopcock.
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TABLE III

Effect of exercise on central venous pressure of dogs before and during induced auricular fibrillation

Change in central venous pressure
Method of stimulating Dog
auricle no. By control By auricular By auricular Increment due Comments
exercise fibrillation fibrillation to exercise
alone alone plus during
exercise fibrillation
mm. H:0 mm. H20 mm. H20 mm. H:0
Electrodes sewed to 31 — 4 +21 +32 +11
auricular wall; chest
closed after surgery 44 -30 +13 +21 + 8 Continuous pleural aspi-
+13 +24 +11 ration
45 —12 +14 +14 0
+14 +14 0
Intra-auricular and 33 4+ 6 + 3 +26 . +23
oesophageal elec- + 6 +30 +24
trodes; no thoracic + 2 +29 +27
surgery
38 -4 +16 +20 + 4 Contractions poor; low
+16 +16 0 mean B.P. throughout
40 +19 +25 +43 +18
+ 4
43 0 + 2 +35 +33
+ 2 +35 +33

operated dogs have been omitted. One dog had an
almost complete auriculoventricular  block.
Though auricular fibrillation could be produced at
will, the ventricular rate never became rapid
enough to impair cardiac “competence” and exer-
cise produced the usual decrease of venous pres-
sure. In the second dog a leak in the chest
wound produced a pneumothorax which could not
be controlled satisfactorily even by continuous
aspiration.

As indicated to the left in Table III, exercise
prior to auricular fibrillation reduced venous pres-
sure in 4 of 7 dogs by 4 to 30 mm. water. In one
dog exercise had no effect and in 2 others elevated
venous pressure by 19, 6, and 4 mm. water. The
cause of these exceptions cannot be explained
though they may conceivably have been due to
differing anesthesia or to residual damage from
several earlier, brief periods of auricular stimula-
tion administered to verify the occurrence of
auricular fibrillation. Auricular fibrillation alone
elevated venous pressure by 2 to 25 mm. water,
whereas auricular fibrillation plus exercise pro-
duced elevations ranging from 16 to 43 mm. water.
Subtracting, in each experiment, the former from
the latter indicates that in 5 of the 7 dogs the in-
crement of venous pressure due to exercise alone

ranged from + 8 to + 33 mm. water. In 2 ex-
periments exercise did not raise venous pressure
above the level produced by auricular fibrillation
alone, probably because the maximum possible
change had already been produced. Even in these
2 dogs exercise during fibrillation did not reduce
venous pressure to the degree observed during
control exercise.

Mean arterial blood pressure, measured by a
damped membrane manometer, remained constant
or rose during simple exercise as in the previous
series. During fibrillation alone mean arterial
pressure fluctuated widely, but on the average
was only slightly below the control level. In com-
bined exercise and auricular fibrillation, arterial
pressure rose as much as 25 mm. Hg. or fell as
much as 18 mm. Hg. without discernible relation
to venous pressure. It is noteworthy that no large
and consistent reduction of mean arterial pressure
occurred during auricular fibrillation despite the
trapping of blood in the venous portion of the cir-
culatory system. This volume of blood may be
considerable as will be indicated below and it must
be concluded that arterial pressure is maintained
under these conditions by compensatory reduction
in the vascular volume and arterial blood flow of
some areas, e.g., the kidneys and intestines.
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A comparison of the results in operated and
unoperated animals reveals that exercise produced
generally greater changes of venous pressure when
prior surgery and blood loss were avoided and
when auricular fibrillation had of itseli not ele-
vated venous pressure greatlv. It seems clear
that i the intact animal, as might be expected, the
relations between venous pressure, cardiac “‘com-
petence” and the work demanded of the heart are
not as simple as in the heart-lung preparation
where the available supply of venous blood is in-
dependent of other factors.  In the intact animal
prior hemorrhage, prior venous distention and any
dilatation of the peripheral vessels will reduce the
return of venous blood to the heart and thereby
lessen the peak venous pressure attained during
exercise even in the presence of drastically re-
duced cardiac “competence.”  In these anesthe-
tized dogs a rise of 30 or 40 mm. water appears to
he the greatest elevation compatible with normal
blood volume, normal arterial pressure, and un-
obstructed blood flow.

obstruction to cardiac filling will now be con-

The effects of mechanical
sidered.

4. Graded cardiac tamponade; ecffect on central
venous pressure with and weithout cxercise

Graded cardiac tamponade was induced in 4

animals to observe the effects which muscular

activity might exert on venous pressure already
elevated by a physical obstruction to free flow.
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\With the pericardial cannula in place, the chest
closed, and the zero of the pericardial manometer
set at mid-thorax level, pericardial pressure could
be elevated to any desired level hefore exercise
was started.

Resting venous pressure and the effects of con-
trol exercise having heen recorded (a) measured
volumes of fluid were mjected into the pericardial
sac, resting venous pressure readings recorded.
and the animal then exercised; or (1) sufficient
fluid was allowed to enter the pericardium to
raise venous and pericardial pressures to an
arbitrary level and then exercise was induced with
the reservoir arranged to maintain this pressure
throughout.
withdrawn from the pericardial sac to bring peri-
cardial pressure to its resting level hefore another

Between these procedures fluid was

observation was undertaken.

Pressure in the superior vena cava in resting
animals followed changes of pericardial pressure
quite closely with differences less than 10 mum. in
19 out of 31 trials and of 10 to 30 mm. in 11
trials.  In the one remaining instance accidental
aspiration of air into the pericardium during ex-
ercise was responsible for an unusually wide dis-
crepancy.

IExercise during cardiac tamponade, as shown
in Figure 3, was generally associated with a re-
duction of venous pressure similar in magnitude
to that observed in the same animal before peri-
cardial pressure was elevated. Table I\" gives a
complete summary showing that while exercise

+100 +150 «0~> W +200»

GrADED  INCREASE OF PERICARDIAL  PRESSURE

(Carnrac TAMPONADE)

Arterial pressure recorded by membrane manometer.
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usually reduced venous pressure under these con-
ditions the effects were not entirely consistent.
Differences in response could not be correlated
with heart rates, as shown in the last column of
Table IV. However, it seems significant that in
the three observations in which venous pressure
was elevated during exercise this effect occurred
under circumstances such that prior myocardial
damage from partial asphyxia may well have been
present, i.e. twice in one animal (Dog 49) which
had suffered from hemorrhage and the effects of
prolonged arterial hypotension (40 to 50 mm.
Hg.), and once in a second observation (Dog 47),
the first test of this animal having given the more
usual result. In any case, the state of all these
dogs was precarious (a) because arterial pres-
sure, and therefore coronary blood pressure, were
lowered even by mild tamponade and (&) because
elevating pericardial pressure to 170 mm. water
or more (see Figure 3) produced an abrupt fall
of arterial pressure and terminal rise of venous
pressure during asphyxia and ventricular fibrilla-
tion. .

The mechanism by which muscular activity
lowered venous pressure during cardiac tampon-

TABLE 1V

Effect of graded cardiac tamponade and exercise, singly and
together, on central venous pressure and mean
arterial pressure

During graded tamponade

Change
ver?(f)us Change of Change
pres- arterial pressure of Heart
Dog | sure . venous | rate
no. | during | Peri- | Venous pres- | during
exer- | cardial pres- Tam sure; tam-
cise pres- sure Tam- :a d-e tam- | ponade
(con- | sure ponade p%lus porllade plus
trol) only | exer- | Ser | Gse
cise cise
mm. mm. mm. mm. mm. mm. beat:
H0 H20 H0 Hg Hg H20 | per min.
46 | —25 85 8 | — 9
45 42 -6 |+ 6| —13| 234
47 | —13 40 38 0| 4+ 5| —15| 228
95 100 | —15 | —16 | +13 | 264
48 | =31 40 48 | — 4 | — 3 | —17 160
100 100 —15 { —12 | —15 160
150 141 —22 | —18 | —12 | 264
49 | — 6 50 S7T | =59 | — 6 | + 7* 240
70 | 61 | =32 | — 8| +13| ¢

* Transient rise. This dog lost a large volume of blood
during operation and had low mean blood pressure with
tachycardia thereafter.

t Died in third minute of second bout of exercise.
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ade is not simple but can probably be explained
by the effects of widely fluctuating intrathoracic
pressure during the hyperpnea of exercise. In
some experiments mean pericardial pressure was
kept constant during exercise by permitting fluid
to flow freely into, or out of, the pericardial sac
from a reservoir bottle set at the desired level.
At rest, with normal respiration, the level of fluid
in the reservoir remained constant and respiratory
fluctuations in pericardial pressure were slight.
With the beginning of exercise and of deeper,
more rapid respiration, between 5 and 45 ml. of
fluid entered the pericardial sac, while mean intra-
pericardial pressure remained constant, indicating
clearly an increase in the volume of the already
distended pericardial sac. This, coupled with the
greatly magnified respiratory variations of peri-
cardial pressure (about the mean which remained
constant) indicates that the wide fluctuations of
intrathoracic pressure, and particularly its inter-
mittent lowering during deep inspirations, reduced
the average effectiveness of the pericardial barrier
to venous return and auricular filling. In effect,
during exercise the “pumping” action of deep and
frequent breathing assisted the entrance of blood
into the heart whereas at rest, during normal
breathing, the same mean pericardial pressure ex-
erted a more sustained and effective resistance to
venous blood flow.

If this explanation is valid, it may be surmised
further that once past the mechanical barrier,
blood entered the relatively normal heart and was
expelled efficiently. Under these conditions ex-
ercise could not produce any disparity between the
“load of venous return” and the “competence” of
the heart, the latter in this instance being per se
still normal. Hence in this situation, the effect of
exercise on venous pressure appears to be more
closely related to the state of cardiac “compe-
tence” than to mechanical disturbances outside the
heart.

The lowering of central venous pressure ob-
served in the control exercise of normal animals
must also be due in part to the well known
“pumping” action of the increased respiration
produced by muscular activity. With normal
cardiac “competence” such intermittent aspiration
should logically lead to a reduction of central
venous pressure as long as the right ventricle can
effectively handle any volume which the peripheral
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veins can supply.  The same or greater aspiration
which occurred in animals with damaged hearts
did not, however, reduce central venous pressure
hecause the right ventricle, stressed bevond its
“competence” could not evacuate the large veins
effectively.  Under these conditions venous pres-
sure rose despite greater aspiration because the
function of the right ventricle was the lmiting
factor.

5. Hcute increase of blood wvolume; cffects on
venous pressure during rest and cxercise

Increased blood volume is unquestionably an
important, though variable, associated feature of
chronic congestive failure in man. Rapid infu-
sions have also produced certain signs of con-
gestive failure in normal dogs (14). Ii it is true
that the high resting venous pressure in cardiac
failure is due to this increased blood volume per se
(2, 3). it should be possible, by suitably large
transfusions of blood into normal dogs (a) to
raise venous pressure in resting animals for long
periods of time, and (V) to produce a definite
sustained rise of venous pressure during exer-

cise—a reaction which, {rom evidence

given
above, occurs characteristically when cardiac func-
tion is interfered with. Neither was observed.
however, after transfusions into normal dogs of
enough whole blood to increase the calculated
blood volume by 50 per cent and i a second
series by 100 per cent or more.

(a) Transfusion of blood cqual to 30 per cent
of calculated blood voliuine.
record of a representative experiment in this group

Figure 4 shows the
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but the results of this and two similar observations
will be described together. Control exercise for
5 minutes reduced venous pressure in the usual
— 17 and
Transfusions of 880, 875, and
650 ml. of blood were then given, preceded in

fashion in each instance, i.c. by —34,
— 22 mm. water.

rach instance by 50 ml. Ringer's solution; for
body weights of 17.8, 17.5, and 13 kgm. this in-
creased the calculated blood volume by slightly
more than 50 per cent. The rates of injection
averaged 59, 95, and 95 ml. per minute but, as
Figure 4 shows, were not quite uniform because 3
seconds of each 30 were required to refill the 50
ml. syringe.

Venous pressure rose rapidly after the first
100 ml. of blood entered and. by the end of the
transfusion, reached peak values exceeding the
previous resting venous pressure by 69, 140, and
227 mm. water.
venous pressure began to fall rapidly and reached
the pre-transfusion level in 7.5 19 and 19.5
minutes.

As soon as the transfusion ceased

Standard exercise was induced for 3 minutes
(a) beginning within 2 to 14 minutes aiter the
end of transfusion while venous pressures were
still above normal and () 27 to 39 nminutes after
the end of transfusion when venous pressures were
once more in the normal range. Iixercise in-
duced while venous pressure was still Tigh, i.c.
47. 51 and 80 mm. above normal, was associated
with continued decline of venous pressure by 30,
49, and 68 mm. water. It had very little effect on
the general contour of the descending limb of the
curve except for a very transient rise resembling
that seen in some normal animals and apparently

DOG No. 21

Errect oF ExerciSE ox VENoUs PrRessURe Durixg Stapre INCrREasE oF Broon Vorrae

At “M" venous pressure recorder moved slightly to
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due to sudden compression of veins by the initial
contractions of the adjacent muscles, with conse-
quent temporary and vigorous propulsion of blood
toward the heart. Even this interruption failed
to affect appreciably the continued decline of
venous pressure which reached essentially normal
values during, and despite, exercise. Renewed
exercise, after a rest period of 20 minutes or more,
was also associated with a lowering of venous
pressure, amounting to — 7, — 8, and — 15 mm.
water.

Hence, in the dog at least, simple plethora
equivalent to that found in chronic congestive
failure of man did not produce a persisting in-
crease in resting venous pressure nor did it lead,
with exercise, to the rise of venous pressure which
in previous experiments was associated with
known cardiac damage.

It seemed possible that rapid filtration of fluid
might have reduced the plethora so rapidly that
the increase in blood volume and venous pressure
were not great enough during exercise to produce
a sufficient circulatory handicap. Hence a con-
verse experiment was arranged so that venous
pressure might be kept constantly high before and
during exercise by whatever transfusion or in-
fusion rate was required.

(b) Maintenance of a uniformly elevated ve-
nous pressure; volume of blood or Ringer’s solu-
tion required and the effect of exercise. As might
be suspected from the preceding section enormous
volumes and very rapid infusion rates were neces-
sary to keep venous pressure consistently above
resting venous pressure. With the largest pos-
sible cannula in the left jugular vein, the calibrated
Mariotte flask was set at the desired level above
~ the previously established resting venous pressure.
The transfusion or infusion rate per minute was
recorded on the smoked drum by marking the
times at which the level of fluid in the flask passed
100 ml. calibrations on the wall of the flask while
venous pressure was kept relatively constant at
the desired level throughout. Whole blood or

Ringer’s fluid entered the jugular vein very

rapidly at first but, as venous pressure ascended
quickly to the desired level within 2 to 5 minutes,
the rate of flow became slightly slower and rela-
tively constant.

Wholly unphysiological amounts of blood or of
Ringer’s solution had to be infused in order to
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maintain venous pressure at levels approaching
those seen in chronic congestive failure of man.
In 3 dogs, weighing between 13.3 and 16 kgm.
each, the transfusion of between 2.4 and 2.7 liters
of blood was required to hold central venous pres-
sure relatively constant at set levels between 50
and 200 mm. water above the normal resting
venous pressure for a total of 50 to 80 minutes.
During this period, blood entered the vascular
system at rates between 0.9 and 3.6 ml. per kgm.
per minute. When Ringer’s fluid was used to
maintain similar elevations of venous pressure for
similar periods in 3 dogs weighing between 12 and
14 kgm., the total volume necessary ranged from
3.6 to 4.5 liters and the infusion rates from 4.5
to 6.1 ml. per kgm. per minute. The total volume
of injected fluid ranged from 161 to 222 ml. per
kgm. for blood and from 285 to 320 ml. per kgm.
for Ringer’s fluid.

Stopping the infusion was followed by an initi-
ally precipitous, and then slower, fall of venous
pressure to the resting level within 30 minutes in
3 dogs. In the remaining -3 dogs (1 with blood,
2 with Ringer’s fluid) venous pressure also fell
initially but remained 178, 30, and 47 mm. water
above the respective resting levels for 70 minutes
or more.

As in the previous series, exercise induced while
venous pressure was still elevated or after it had
returned to the resting level, invariably lowered
the venous pressure. Even in the most extreme
case in which the transfusion of 2450 ml. of blood
produced a fairly persistent rise of venous pressure
to 178 mm. above normal, 2 bouts of exercise still
reduced venous pressure. Again it appeared that
the rise of venous pressure with exercise is more -
closely related to interference with cardiac function
than to circulatory changes external to the heart.
Simple hypervolemia did not cause exercise to
elevate venous pressure, though coronary ligation
and auricular fibrillation did so even when blood
volume remained normal.

6. The change in wvascular volume which corre-
sponds-to the asphyxial (or maximal) rise of
venous pressure

The vascular system with its contained blood
can be regarded as a filled and unequally elastic
closed reservoir in which, during life, pressure
and volume are balanced at different levels spati-
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ally (i.e. in arteries, capillaries and veins) as well
as in time. In the later stages of asphyxia, as the
- heart beat grows feebler and as agonal vasocon-
striction develops, spatial differences disappear ; ar-
terial pressure falls, and venous pressure rises. This
agonal rise of venous pressure results from (a)
redistribution of an unknown volume of blood as
the arteries empty and the veins fill, and (b) an
agonal and intense constriction of arteries, capil-
laries and veins.

The values of (a) and (b) are directly related
to each other, however, because the circulatory
system is closed and total blood volume will re-
main constant over a period of a few minutes.
Obviously a certain “dead space” must always ex-
ist in the vascular system since the rather rigid
aorta and the large arteries will contain some
blood even when maximally constricted and at low
pressure, owing to reduced cardiac output. The
same holds for the blood reservoirs and the large
veins whose feeble musculature cannot evacuate
them completely even at resting venous pressure.
Much more complete emptying can be expected in
the case of the arterioles, capillaries, and venules.
Measuring the volume of blood expressed during
constriction of these vessels will indicate approxi-
mately, in terms of milliliters, the power of vaso-
constriction to compensate for that “trapping of
blood” in the venous system which a rise of
central venous pressure may produce.

This maximum possible decrease in vascular
volume was determined in 3 heparinized dogs.
During the usual recording of venous and arterial
pressures the trachea was clamped but instéad of
allowing venous pressure to rise during asphyxia,
a calibrated reservoir partially filled with Ringer’s
solution was connected to both external jugular
veins and adjusted so that the level of the con-
tained blood equalled exactly the resting venous
pressure. The largest possible cannulae and con-
necting tubes were used to permit as rapid an
outpouring of blood as possible when developing
asphyxia tended to elevate venous pressure. As
blood entered the reservoir its position relative
to the animal was lowered to keep the fluid level
always equal to the previously determined resting
venous pressure. The volume expelled by the
whole vascular tree was recorded on the smoked
drum by 50 ml. increments. In effect, the asphyx-
ial rise in venous pressure was translated into a
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curve representing decrease in vascular volume.
As might be expected, blood left the veins rapidly
at'first then more slowly. The shape of the curve
relating the expelled volume to time was roughly
similar to the curve of venous pressure in as-
phyxia.

In 3 dogs, weighing 15.5 to 15.6 kgm. the results
were quite constant, viz. a total volume of 325 to
360 ml. was expelled during asphyxia at normal
resting venous pressure. This was equivalent to
21.0, 222, and 224 cc. per kgm. Assuming a
blood volume of 8 per cent of body weight this
would correspond to a maximal decrease of vascu-
lar volume of 26 to 28 per cent of average normal
blood volume. The corresponding figure for a
man weighing 75 kgm. would be approximately
1600 ml.

DISCUSSION

Resting venous pressure obviously has limited
value as an indicator of cardiac function in the
intact animal. The burden placed upon the heart
by resting venous return is so small that only
marked, and near-lethal, reductions of cardiac
“competence” will produce a significant rise of
resting venous pressure. This limitation has been
recognized clinically for a long time as shown by
published descriptions of numerous test procedures
designed to add precision to measurements of
cardiac function by measuring venous pressure
while increasing temporarily the volume of blood
returned to the heart, e.g. by muscular activity
(6 to 10), pressure on the upper abdomen (15),
intravenous infusions (16 to 18), and passive ele-
vation of the lower extremities (16, 19).

On the other hand, venous pressure measured
during activity is more helpful in explaining the
pathogenesis of the edema and plethora of con-
gestive failure. In the observations on dogs now
described, exercise elevated venous pressure very
frequently after ligation of coronary arteries and
during auricular fibrillation but very infrequently
during cardiac tamponade and never when blood
volume was increased moderately or markedly.
The development of “back-pressure,” or rise of
venous pressure during stress, was more directly
related to interference with cardiac function than
to artificially induced acute plethora or to mechan-
ically produced elevations of venous pressure.
This “back-pressure,” as measured in the intact
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animal, resembled qualitatively that seen in the
heart-lung preparation by Starling (1) and
Krayer (4) but was not as striking quantitatively
because of the conditions imposed by a limited
blood volume and by a closed, but elastic, vascu-
lar system.

It may be objected that the rise of venous pres-
sure seen with exercise was due merely to general
vasoconstriction or to constriction of veins and not
to “back-pressure” of cardiac origin. Such a
view leaves unexplained, however, the lowering
of venous pressure produced by exercise (a) dur-
ing severe cardiac tamponade and (&) during pe-
riods of mild or severe hypervolemia.
~ The first effect of any rise of venous pressure
due to overtaxing of the heart’s “competence”
will be a redistribution of blood toward the veins,
venules, and venous capillaries (1, 2, 20). The
volume which can be thus redistributed without a
fall of arterial pressure is vanishingly small in a
circulation schema (20) but much larger in the
intact animal because the vascular system, unlike
the schema, can (a) constrict generally or (b)
constrict selectively -so that whole sections of the
body (e.g. skin, intestines and kidneys) both re-
ceive, and also contain, less blood than normal.
The volume of blood flowing from the veins at

constant venous pressure during asphyxia sug-

gests that this volume may be quite large, ap-
proaching 2.0 to 2.2 per cent of body weight.
These figures are admittedly approximate but help
explain the apparent anomaly that venous pres-
sure during exercise can be elevated while ar-
terial pressure is still maintained at its normal
level.

This volume is changed, however, by the loss
of plasma volume through prior filtration or by
gain of volume from infusions. In 2 dogs after
combined auricular fibrillation and prolonged ex-
ercise the change of vascular volume during as-
phyxia was reduced from the normal 2.0 per cent
of body weight to 0.9 and 1.1 per cent of body
weight. In a third dog, after infusion of 3600
ml. of Ringer’s fluid and similar exercise, asphyxia
reduced vascular volume, venous pressure being
kept constant, by 4.0 ml. per kgm., or double the
normal amount.

It may be recalled that in dogs hemorrhage
amounting to between 2 and 3.7 per cent of body
weight can be sustained without change in arterial
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blood pressure, though the heart’s diastolic volume
is reduced and the vessels of the skin show com-
pensatory constriction (21, 22). The ability of
the vascular system to compensate for loss, or
temporary displacement, of blood is considerable.
In the human being certainly 700 ml., and possibly
1000 ml., of blood can be trapped in the venous
system before arterial pressure need fall but this
can only be accomplished by a major sacrifice of
blood flow to some areas of the body, particularly
the skin and the splanchnic region including the
kidneys. A similar reaction is seen during quiet
standing in which sequestration of blood in de-
pendent veins, and loss of plasma volume by filtra-
tion, are accompanied by cessation of absorption
of fluid by the gastrointestinal tract and by reduced
excretion of water by the kidneys (23).

. The second consequence of “back-pressure” is
an enhanced filtration everywhere in the capillary
bed. Plethysmographic observations by Landis
and Gibbon (24) have shown that in man venous
pressures above 100 mm. water cause fluid to
accumulate in the tissue spaces at the rate of
0.0033 ml. per 100 ml. of tissue per min. per cm.
rise in venous pressure. These measurements
apply to the capillaries in the forearm which are
relatively impermeable to protein. A rise in cen-
tral venous pressure will, however, affect not only
these capillaries but also the much more permeable
networks (1) of the liver where fluid movement
will be several times greater, for a given incre-
ment in venous pressure. Translated to the pa-
tient with cardiac disease, it appears that if exer-
cise raises venous pressure by 100 mm. water
above the previous resting level, fluid can be
filtered from the blood stream at a rate of at least
25 to 30 ml. per minute—or 250 to 300 ml. in the
relatively short period of 10 minutes.

In dogs these figures were, in fact, exceeded
considerably when venous pressure was kept con-
sistently above resting level by whatever infusion
rate might be required. To maintain venous pres-
sure approximately 100 mm. above the resting
level with blood required continuous transfusion
at rates up to 3.6 ml. per kgm. body weight per
minute, owing to distention of the vascular bed
and filtration. To sustain the same venous pres-
sures by infusing Ringer’s solution required from
4.5 to 6.1 ml. per kgm. per minute. Since the
vascular system was equally distended the differ-
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ence between these rates indicates approximately
the rate at which Ringer’s fluid was filtered from
the whole capillary bed at a venous pressure 100
mm. above resting level, viz. for the dog 0.9 to
2.5 ml. per kgm. per minute. Translated to a
man weighing 75 kgm., this would amount to be-
tween 67 and 187 ml. per minute, or to between
670 and 1870 ml. per 10 minutes. These figures
are admittedly approximate, and for several rea-
sons (e.g. differences of blood reservoirs and of
musculature and reactions of the hepatic veins)
not to be applied to man in a quantitative sense,
but they illustrate the direction and order of
magnitude of the secondary circulatory effects
produced by any excessive rise of venous pres-
sure in the active cardiac patient. They suggest
that exercise may produce acute changes in avail-
able or “effective” blood volume which are large
enough to call into play emergency vasoconstrictor
mechanisms.

The diurnal increase, and nocturnal decrease, of
plasma protein concentration observed in cardiac
patients with nocturnal dyspnea (25) indicate
shifts of fluid having this direction and general
order of magnitude. On the other hand, reports
dealing with the effects of exercise on circulating
blood volume in man, normal and diseased, are
quite completely at variance with each other (26).
It seems likely that the methods used so far have
been inadequate for the purpose.

Finally, it must be recalled that neither plethora
nor diminished- power of the kidney to excrete

water and sodium are uniquely restricted to con- -

gestive failure, nor are they by any means found
only in conjunction with an elevated venous pres-
sure. Even in cardiac patients the relations be-
tween failure, plethora, resting venous pressure and
diuresis are not consistent from case to case (27,
28). In polycythemia vera circulatory pressures
and dynamics are quite normal despite increased
blood volume (28, 29) until cardiac failure appears
as an incidental development. Conspicuously re-
duced renal excretion of water and sodium is a
prominent secondary feature of the nephrotic syn-
drome (30) and also of the reaction of normal
subjects to quiet standing (23) without plethora
or rise in venous pressure in either case. In fact,
blood volume and venous pressure are lower than
normal in these conditions.
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The routine study of cardiac patients has
placed undue emphasis on resting venous pres-
sure. Hence the relation between cardiac “com-
petence,” venous pressure and plethora are diffi-
cult, or even impossible, to understand until the
considerable changes produced by prior muscular
activity are also included. When this is done the
reactions of the heart-lung preparation and of the
intact animal become more similar and the char-
acteristic responses of the closed circulatory sys-
stem more evident. As a working hypothesis,
for future testing in patients with cardiac disease,
the following sequence appears to integrate the
available information from the failing heart in the
heart-lung preparation, dogs with cardiac damage
and human beings with reduced cardiac “compe-
tence.” R .

1. Intermittent increase (absolute or relative)
of vemous pressure during muscular activity. This
is not a sustained abnormality at first but is a
brief occurrence repeated many times daily during
periods of activity. It tends to become more fre-
quent and sustained as the instructions concerning
activity are neglected, and as cardiac “compe-
tence” diminishes. It depends primparily upon
the inability’ of a heart with reduced “compe-
tence” to cope with the increased venous return
of muscular activity. Resting venous pressure
will fail entirely therefore to indicate the earlier
stages of reduced “competence.”

2. Temporary sequestration of blood, during
muscular activity, in the venous system accom-
panied by excessive filtration of fluid. Both will
be more marked, more immediate and more per-
sistent in poorly supported tissues, e.g. liver and
intestines and in dependent tissues. The produc-
tion, by effort, of acute right upper quadrant pain
in right ventricular failure and the occurrence in

_patients of hepatic enlargement with normal resi-

ing venous pressure (31) thus become under-
standable.

3. Intermittent reduction, during activity, of cir-
culating blood volume. This comprises reduction
of “effective” circulating blood volume by trapping
of blood in the great veins and also by reduction
of absolute plasma volume owing to excessive fil-
tration. The grade of activity which calls forth
these reactions will vary widely from patient to
patient depending upon the grade- of reduced
cardiac “competence” actually present.
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4. Compensatory vasoconstriction. From what
is known to occur in other conditions it may be
expected that reduction of “effective,” and also
actual, blood volume will lead to (a) compensa-
tory vascoconstriction, (b) reduced renal excre-
tion of sodium and water and (c) over-production
of erythrocytes and plasma proteins. The re-
actions resemble in mechanism and cumulative
effect those produced by hemorrhage or quiet
standing, except that with these stresses compen-
sation is a single occurrence, whereas in the
cardiac patient the sequence may be repeated in
lesser degree many times daily with each in-
judicious exertion. The bone marrow of patients
with congestive failure is hyperactive (32), and
cutaneous reactive hyperemia is said to be de-
layed (33) but both return to normal as compen-
sation is regained under treatment. Equally sig-
nificant is the reduced renal excretion of water
found not only in congestive failure, but also in
the normal subject during quiet standing (23).
The division between “backward failure” and “for-
ward failure” (34) becomes somewhat less rigid
because the former may, through changes in effec-
tive blood volume, lead during activity to the
latter.

5. Secondary plethora or hypervolemia. The
increase of blood volume which now appears may
perhaps be advantageous at first to the ambula-
tory, active patient with reduced cardiac “com-
petence.” It may permit him to indulge in greater
activity than would otherwise be possible before
temporary and repeated “back-pressure” reduces
effective blood volume to dangerously low levels.

But this same plethora, whether or not it is
advantageous during activity, becomes disadvan-
tageous or even a real danger when rest in the
recumbent position, intermittently at night or con-
tinuously in the early days of treatment, leads to
(a) relief of venous distention and (b) reabsorp-
tion of tissue fluid. At this stage venesection or
prompt diuresis is required because they alone can
expedite adjustment to a new scale of reduced
activity. That these changes of blood volume with
abrupt change in activity and posture can be
dangerously large is indicated not only by the
observations on dogs desgribed above, but also by
the diurnal changes in the concentration of plasma
proteins in patients subject to nocturnal dyspnea

(25), and by the clinically observed deleterious
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effects of suddenly insisting upon complete bed
rest (35).

6. High resting venous pressure of chrowic con-
gestive failure. The final result, a high venous
pressure at rest, cannot be due to plethora alone
because with normal cardiac “competence” ple-
thora equal to that in congestive failure does not
affect venous pressure for more than a few
minutes. Trebling the blood volume by massive
transfusion produced a persistent rise of venous
pressure in 1 of 3 dogs but even this severe
plethora did not cause exercise to elevate venous
pressure in the manner characteristic of reduced
cardiac “competence” when blood volume was nor-
mal. It appears that the fundamental fault in
congestive failure is a reduced cardiac “compe-
tence” subjected by bed rest to the additional
burden of plethora. During activity this plethora
seems to be a compensatory, and possibly advan-
tageous, result of repeated “back-pressure” and
vasoconstriction during activity. At bed rest,
however, the redistribution of blood volume and
the reabsorption of edema fluid makes this ple-
thora not only more pronounced but through ele-
vated venous pressure makes dyspnea more
marked (34) and pulmonary edema more likely
(25).

From this combined pathogenesis it would be
expected that an initially high venous pressure
might be lowered during treatment by one or more
of several factors, viz.: (@) reduction of muscular
activity by strict bed rest, (b) improvement of
cardiac “competence” by medication, and (c¢) re-
duction of blood volume and edema by venesection
or diuretic agents. If venous pressure continues
to rise, or does not fall, prognosis is poor. Even
when venous pressure becomes normal at rest
there is no assurance that it, and blood volume,
will remain normal when activity is resumed.
For full information on this point it would be
necessary to measure venous pressure during care-
fully graded muscular activity.

Hence, extending the back-pressure” hypothesis

“derived from the heart-lung preparation to the in-

tact animal is possible and logical, providing
allowance is made for the limitations of the closed
vascular system and for the advantages of its com-
pensatory vasoconstriction. This sequence and its
corollaries seem to agree with laboratory observa-
tions and clinical experience more satisfactorily
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than do hypotheses which consider plethora to be
the primary factor in the clinical syndrome of con-
gestive failure.

SUMMARY

To compare the effects of teduced cardiac
“competence” and increased blood volume on ve-
nous pressure, the relation of central venous pres-
sure to exercise, cardiac damage and increased
blood volume was determined in dogs anesthetized
with a mixture of morphine, chloralose, and ure-
thane. :

In normal dogs the exercise and hyperpnea pro-
duced by stimulating the muscles of all four ex-
tremities once per second reduced venous pres-
sure conspicuously. )

Ligation of the right coronary artery, the cir-
cumflex artery, or the ramus descendens alone or
together did not elevate resting venous pressure
(one exception, Figure 1F) but in over half the
animals that escaped ventricular fibrillation, ex-
ercise produced a slight but definite rise of
venous pressure.

Exercising dogs with induced auricular fibril-
lation also elevated venous pressure slightly but
definitely.

On the contrary, increased pericardial pressure
(cardiac tamponade) elevated resting venous
pressure, but exercise lowered venous pressure as
in normal animals, unless prior myocardial ische-
mia had reduced cardiac “competence.”

Simple plethora, induced by rapidly transfusing
whole blood (5 per cent of body weight) into
- dogs with intact hearts, produced marked but
transient elevations of venous pressure. Con-
versély, it was found that in order to maintain
venous pressure at levels between 50 and 200 mm.
water above resting levels, blood had to be in-
fused at rates of 0.9 to 3.6 ml. per kgm. per
minute. Exercise begun while the venous pres-
sure was elevated was accompanied by a fall of
venous pressure in every case, just as in ani-
mals with normal blood volume. It can be con-
cluded that in these dogs elevation of venous pres-
sure accompanied exercise when cardiac “com-
petence” was reduced but not when blood vol-
ume was increased.

“Back-pressure” occurring during exercise did
not necessarily reduce arterial pressure even
though considerable blood must have been trapped
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in the large veins. To determine the volume of
blood that could be thus transferred, the volume
of blood issuing from the great veins was meas-
ured during asphyxia, while venous pressure was
kept constant. Agonal vasoconstriction reduced
vascular volume by 2.0 to 2.2 per cent of body
weight under these conditions.

Taking into account these figures and those on
rates of filtration of fluid at high venous pres-
sures, it is suggested that the plethora of chronic
congestive failure is a compensatory reaction to
many episodes of reduced “effective” blood vol-
ume occurring in the course of repeated transient
elevations of venous pressure during muscular
activity whenever venous return exceeds cardiac
“competence.” As Starling originally suggested,
the transfer of blood to the venous side of the
circulation lowers the “effective” blood volume
and together with loss of plasma volume by filtra-
tion can induce reflex arteriolar constriction
similar to that seen in hemorrhage and quiet
standing. Moreover, from this reduction of “ef-
fective,” and also actual, blood volume it is logical
to expect in cardiac failure, as in hemorrhage, a
retention of sodium and water, as well as the over-
production of erythrocytes and plasma proteins
which are characteristic features of the clinical
syndrome “chronic congestive heart failure.”

It is further suggested that this plethora may
conceivably be advantageous to the active cardiac
patient because it permits compensating for re-
peated depletion of “effective” circulating blood
volume to critical levels during any exertion great
enough to tax the heart’s “competence.” In
agreement with clinical experience this same ple-
thora should logically be disadvantageous to the
patient at rest and particularly when recumbent.
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