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A previous report from this laboratory (1) has
shown that venous congestion of the limbs in
normal subjects and in hypertensive patients be-
fore and after splanchnicectomy causes a decrease
in urine flow and sodium excretion. In the pres-
ent study these observations were extended to in-
clude also the renal functional effects of phle-
botomy (as well as of venous congestion) in pa-
tients with congestive heart failure. In addition,
cardiohemodynamic measurements were made si-
multaneously in a majority of patients in order to
determine whether changes of cardiac output, or
blood pressure in the pulmonary artery, or right
ventricle are consistently related to the renal ex-
cretory responses. The details of the cardiohe-
modynamic studies have been presented in a sepa-
rate communication (2).

PATIENTS

All of the twenty-one patients were considered to be
in congestive heart failure on the basis of their clinical
cardiovascular symptoms and signs and their abnormal
hemodynamic responses to exercise. Seven patients had
rheumatic heart disease, six arteriosclerotic heart dis-
ease, three hypertensive cardiovascular disease, and one
luetic heart disease. Two patients (W. D., W. H.) had
cor pulmonale with very severe congestive failure. Two
other patients (D. K., C. Di.) had elevated pulmonary
arterial pressures without electrocardiographic or roent-
genographic evidence of right ventricular enlargement,
but the hemodynamic measurements of right ventricular
filling pressure during exercise indicated mild right
ventricular failure. All of the patients, except D. K.,
H. A., and R. H., had moderate to severe peripheral
edema during the study. All of the patients were on

1 This investigation was supported in part by a grant
from the National Heart Institute of the National In-
stitutes of Health, U. S. P. H. S.

2Present address: Queen's University, Kingston, On-
tario, Canada.

maintenance oral digitalis therapy, but none of them had
received mercurial diuretics for at least one week prior
to the procedure. Although some restriction of the
amount of salt in the diet had been prescribed, most of
the patients had an intake of more than 3 gm. of sodium
chloride a day.

PROCEDUREANDMETHODS

The patients were studied in the post-absorptive state
without sedative pre-medication. An indwelling catheter
was placed in the urinary bladder. After standard prim-
ing doses, a sustaining infusion containing inulin (3.3 per
cent) and para-aminohippurate (0.5 per cent) in 3.5 per
cent glucose and water was started and given at the rate
of 1.2 ml. per minute by means of a calibrated drip. A
double lumen intracardiac catheter was inserted into
the right heart so that simultaneous records of the pul-
monary arterial and right ventricular pressures could be
obtained. An indwelling needle was maintained in the
brachial artery.

During the control period, three to four urine collec-
tions were usually obtained. Urine was collected at the
end of each 10 to 15-minute period by washing out the
bladder with 20 ml. of distilled water and evacuating the
residual urine by displacement with air. Every twenty
minutes arterial blood samples were obtained for the
determinations of inulin, para-aminohippuric acid, chlo-
ride, sodium, potassium, and hematocrit. During the
control period, one or two cardiac output determinations
were made by the direct Fick method as well as measure-
ments of the central vascular and peripheral arterial
pressures as previously described (2). In 15 patients,
after the control measurements had been obtained, cuffs
on the thighs were inflated at slightly less than diastolic
pressure (usually 70 mm. Hg). Venous congestion was
maintained for 33 to 71 (average 55) minutes, during
which time collections of urine were made at 10 to 20-
minute intervals. In six other patients, venesections of
450 to 700 milliliters were accomplished over a period
of 10 to 40 minutes. During, or shortly after, the phle-
botomy, a urine collection was made for measurements
of renal function which were designated as obtained
"during phlebotomy." In most of the patients additional
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FIG. 1. CHART OF URINE FLOw, SODIUM EXCRETION,
PAH CLEARANCE, INULIN CLEARANCE, ARTERIAL PRES-
SURE, AND PULSE RATE IN A PATIENT WITH ARTRIO-
SCLEROTIC HEART DISEASE AND CONGESTIVE FAILURE IN
WHOMVENOUS CONGESTING CUFFS ON THE THIGHS
WEREAPPLIED FOR 60 MINUTES

Note the slight increase of urine flow, slight but pro-
gressive increase in the excretion of sodium, and the ab-
sence of significant change in the renal clearances or
arterial pressure.

urine collections were made at 10 to 20-minute intervals
after the release of the venous congesting cuffs or com-
pletion of venesection. In ten patients, measurements of
cardiac output and central vascular pressures were re-
peated after 7 to 68 minutes of continuous venous con-
gestion of the legs. In five patients, similar measure-
ments were made from 3 to 20 minutes after the comple-
tion of venesection. Because of the difficulty of the
determination, frequent measurements of cardiac output
were impossible. They had to be "spotted" at various
intervals when they were considered to be most desirable
as judged from the general clinical condition of the pa-
tient (Tables I and II). Arterial pressures on the other
hand were taken continuously.

All pressures were measured with electromanometers 8
and recorded by direct-writing oscillograph. Mean
pressures were determined by electrical integration.
Blood and urine concentrations of para-aminohippuric
acid were measured by the method of Goldring and
Chasis (3), and inulin was determined by the method of
Schreiner (4) or Roe, Epstein, and Goldstein (5).
Serum and urinary sodium and potassium were deter-
mined by the internal standard flame photometer (lith-
ium standard). Serum and urinary chlorides were ana-
lyzed by the method of Wilson and Ball (6). The he-
matocrit was measured in Wintrobe tubes.

8Sanborn Company, Cambridge, Massachusetts.

RESULTS

Urine flow and sodium excretion

The responses to venous congestion of the legs
are summarized in Table I, and those to phle-
botomy in Table II. In both Tables the patients
are listed in the approximate order of increasing
degrees of antidiuretic response (see Discussion).
Thus, at the top of Table I patients A. S., M. G.,
and L. G. had little or no fall in urine flow during
venous congestion, and that two of them (A. S.
and L. G.) had an increase in sodium excretion
(Figure 1). Reading downward in Table I more
definite antidiuretic responses are seen (Figure 2)
and at the bottom are found the strong responses,
usually seen in normal subjects, of patients W. T.,
H. A., and R. H., all of whom had definite de-
creases in both urine flow and sodium excretion
during venous congestion of the limbs.

Table II is arranged similarly and demonstrates

MC.? 47- ASH.D. At. NC

0 OD 40 60 s0 m0 eK m0
TnME INNUTES

FIG. 2. CHART OF AN EXPERIMENT IN A PATIENT
WITH ARTERIOSCLERoTIC HEART DISEASE AND CONGES-
TIVE FAILURE CONDUCTEDSIMILARLY TO THAT SHOWN
IN FIGURE 1 EXCEPT THAT THE ADDITIONAL MEASURE-
MENTOF CARDIAC OUTPUTWASMADE

Note the definite and progressive reductions in urine
flow and the excretion of sodium, slight decreases in
PAH clearance, and the insignificant changes in cardiac
output and arterial pressure.
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that patients who had sizable venesections showed
somewhat less marked reductions in urine flow
than those who had definite antidiuretic responses
to venous congestion of the extremities. None of
the patients in this group had a reduction in the
excretion of sodium (or chloride) during phle-
botomy; in fact, patients I. G., W. D., D. C. actu-
ally appeared to have increases in the rate of ex-
cretion of sodium. However, after the completion
of the phlebotomy (when, of course, the blood vol-
ume was presumed to be most reduced), the ex-
cretion of sodium decreased in two patients (F. A.,
C. Di.) while the renal plasma flow decreased
slightly, along with the glomerular filtration rate
(in patient F. A.).

Renal hemodynamic responses

Changes in renal plasma flow (CPAH) and glo-
merular filtration rate (CIN) during (and after)
venous congestion ranged from none or slight in
patients who had little or no antidiuretic response,
to definite decreases in those who had a marked
antidiuretic response. During phlebotomy the
CPAH and CIN remained unchanged or increased
slightly above the control values. As mentioned
above, two patients (F. A., C. Di.) who showed
the most striking antidiuresis after phlebotomy
had decreases in CpAH. Filtration fraction (FF)
remained essentially unchanged in all subjects.
Although the excretion of potassium showed no
consistent alteration, in general it paralleled the
changes in glomerular filtration rate.

Cardiohemodynamic responses

In this paper, only the changes in cardiac out-
put and arterial pressure during venous congestion
or after phlebotomy are presented. Right ven-
tricular and pulmonary arterial pressures were
measured simultaneously and have been presented
separately (2). Suffice it to say here, these pres-
sures decreased or remained the same, and in any
case did not show any consistent correlation with
changes in cardiac output or renal excretion.

As seen in the lower portions of Tables I and II
in those patients showing definite decreases in
urine flow and excretion of sodium during venous
congestion or after phlebotomy, either a reduc-
tion or no change was observed in cardiac output,
arterial pressure, or both. This was true regard-

less of the control levels of cardiac output or ar-
terial pressure, or of the type of congestive heart
failure. In general, but not invariably, the more
marked cardiohemodynamic changes were associ-
ated with the more marked renal excretory
changes. In the upper portions of the Tables, on
the other hand, those patients who had no de-
creases, or had increases in urine flow, in sodium
excretion or both, had (with the exception of
W. D.) no appreciable change or increases in
cardiac output, arterial pressure or both. The
hematocrit either did not change or increased
slightly during venous congestion, but it decreased
after phlebotomy.

DISCUSSION

Previous studies have indicated that the de-
creases in urine flow and sodium excretion oc-
curring during venous congestion of the limbs of
normotensive and compensated hypertensive sub-
jects are consequences of a reduction in the ef-
fectively circulating blood volume (1). These
responses do not appear if the reduction is offset
by a large transfusion given simultaneously with
the congestion of the limbs (7). Therefore, the
responses appeared to be related to the homeo-
static mechanisms tending to counteract the effects
of a suboptimal effectively circulating blood vol-
ume. This view was supported by the observation
that these responses were particularly pronounced
and prolonged if a clinical state of collapse of the
circulation occurred, with hypotension, anxiety,
pallor, sweating, nausea, or faintness.

It was of considerable interest to examine what
and where the stimuli may be that call forth
these responses which occur quite regularly in
normotensive and compensated hypertensive sub-
jects. Cardiohemodynamic studies in such sub-
jects indicate that congesting the limbs usually
decreases the cardiac output without consistently
causing measurable changes in systemic or pulno-
nary arterial pressure or right ventricular end-
diastolic pressure (2). Any decrease in cardiac
output during venous congestion therefore ap-
peared usually to indicate a reduction in effec-
tively circulating blood volume, which if it were
not counteracted by vasomotor (and other homeo-
static) adjustments would result in definite ar-
terial hypotension, and indeed does so when the
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vasomotor reflexes are blocked by drugs (8).
Therefore the hypothesis was accepted that the
antidiuretic responses to venous congestion of the
limbs are homeostatic reactions to suboptimal
amounts of effectively circulating blood.

By extending the study to cardiac patients with
congestive failure it was possible further to test
this hypothesis. Thus it was found, as others have
shown (9, 10), that certain patients in congestive
failure have increases in cardiac output during
venous congestion of the limbs, whereas other pa-
tients in failure, like normal subjects, may have
decreases. Since both groups had similar or no
changes in pulmonary arterial and right ventricu-
lar end-diastolic pressures, the question arose
whether any connection existed between their
cardiohemodynamic responses and their renal ex-
cretory responses. To make this comparison, it
was necessary first to grade the renal excretory
responses. This was done (in Tables I and II)
on the basis of the following general considera-
tions. The antidiuretic response was considered
to be definite provided the control rate of urine
flow was over 2 ml. per minute (and preferably
over 3 ml. per min.) and if: 1. A decrease in urine
flow occurred to or below 25 per cent of the con-
trol rate and to or below 2 ml. per minute; 2. A
decrease in sodium excretion occurred to or be-
low 75 per cent of the control rate.

A definite decrease in sodium excretion was
considered a stronger response physiologically
than a definite decrease in urine flow because re-
duced sodium excretion was never seen in normal
subjects in the absence of a definite reduction in
urine flow, whereas the reverse was seen not in-
frequently. Therefore, if only a moderate de-
crease of urine flow occurred (to 50 per cent of
the control) the antidiuretic response was re-
garded as slight whereas if urine flow decreased
to 10 per cent and sodium excretion to 50 per
cent the response was regarded as strong. Only
rarely was a slight response found to occur in a
normal subject, and an increase in urine flow or
sodium excretion or both was never seen in a
normal subject or in a compensated hypertensive
patient and would have been regarded as most
unusual in this group.

One other factor in addition to the nature and
degree of these responses was considered of im-
portance in grading them. This was the per-

sistence of the changes observed. Thus after col-
lapse of the circulation, the responses not only
were severe and included reductions in urine flow,
sodium excretion, renal plasma flow and glomeru-
lar filtration rate but they persisted for some time
after the stimulus and recovered in an order the
reverse of that just listed, sometimes only after
an hour.

Obviously from these considerations all grada-
tions of renal excretory responses would be con-
ceivably possible, from a definite antidiuresis to
an actual diuresis of water and sodium. Indeed
every gradation of response was seen in patients
with congestive failure. Thus in Table I, patient
A. S. (at the top) had an increase in the rates
both of urine flow and of sodium excretion, while
patients M. G. and L. G. had no change in either
as defined above. Patient M. C. (in the middle of
the table) had a definite reduction in urine flow
and a moderate decrease in sodium excretion dur-
ing venous congestion. Finally at the bottom,
patients W. T., H. A., and R. H. had definite de-
creases in both urine flow and sodium excretion.

As already stated the degree of the renal func-
tional changes appeared to be roughly correlated
with the degree of the cardiohemodynamic re-
sponses to these stimuli. Thus, patients who had
a definite antidiuretic response (in the lower part
of the Tables), like normal subjects and compen-
sated hypertensive patients, usually, but not in-
variably, had decreases in cardiac output, arterial
pressure or both during venous congestion of the
limbs or after phlebotomy. In sharp contrast, pa-
tients who had no decrease or had an increase in
urine flow or sodium excretion (upper part of
the Tables) either had no significant change or
an increase in cardiac output and arterial pressure.

There were no consistent qualitative differences
in the responses of the patients whose effectively
circulating blood volumes were reduced by venous
congestion of the limbs and of those who had vene-
sections. However, there were quantitative dif-
ferences in that venous congestion more frequently
caused measurable decreases in cardiac output and
definite decreases in the renal excretion of water
and salt. Thus, at least half of the patients in
failure who had venous congestion of the limbs had
definite antidiuretic responses while no more than
a third of those who had phlebotomy had such
responses.
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These quantitative differences in the effects of
venous congestion and of phlebotomy may be re-

lated to the quantitative differences between the
amount of blood removed from active circulation
in each case. It is estimated that venous conges-

tion, as employed in these experiments, pools
somewhat more than 1,000 ml. of blood in the
limbs whereas the largest phlebotomy performed
was 700 ml. It seems logical, and it has been re-

peatedly observed clinically, that in patients with
severe congestive failure, a moderate reduction in
effective circulating blood volume may result in
subjective relief and evidences of circulatory im-
provement, but that too great a reduction in vol-
ume may cause rapid deterioration of the circula-
tion even to the point of circulatory collapse.
Thus there presumably is an optimal effectively
circulating blood volume for each individual pa-

tient, deviations from which, either above or be-
low the optimum, would bring unfavorable con-

sequences.

This assumption is compatible with the obser-
vations made in the present study. It was re-

peatedly observed that when arterial pressure fell
or became unusually variable, when the arterial
wave fronts assumed a peaked "collapse" form
with a low or absent dicrotic notch and a flat dia-
stolic run-off, or even more important, when the
patient became anxious, pale, sweaty, nauseous,

or faint definite antidiuresis and reduction in so-

dium excretion would follow. Occasionally col-
lapse occurred (as in patient J. Di.) even though
cardiac output was found not to be decreased when
it was measured. For these reasons, reductions
in both arterial pressure and cardiac output were

regarded as important, but not the only important,
objective signs of imminent collapse. Pulse rate
acceleration in these patients with congestive fail-
ure was a less reliable sign of inadequate circu-
lating blood volume than in normotensive or com-

pensated hypertensive subjects. Presumably this
was because of digitalization of the patients, and
also because of the associated arrhythmias present
in many of them.

It is clear from the above considerations that
we have come to regard a clinical state of im-
minent circulatory collapse as the important stimu-
lus to the renal excretory changes of reduced
urine flow, reduced sodium excretion, and (at
least initially) decreased renal plasma flow, and

glomerular filtration rate. In general this state
may be signaled by reductions in cardiac output,
arterial pressure or both. It certainly is not in-
variably accompanied by a reduction in right
ventricular or pulmonary arterial pressure. Cir-
culatory collapse may be said to be imminent, or
possible, whenever there is a suboptimal, hypo-
volemic, and hypokinetic state of the circulation.
If this is a reasonable concept, it may account for
the fact that the only group of patients in con-
gestive failure who showed a poor correlation be-
tween reductions in cardiac output and reductions
in water and salt excretion during the hypovolemic
procedure employed were those with cor pul-
monale and so-called "high output" failure. Thus
patient W. H. during venous congestion and pa-
tient W. D. after phlebotomy had sizable reduc-
tions in cardiac output, arterial pressure or both,
but only a relatively small decrease in urine flow
or sodium excretion. It seems possible that these
patients actually had a more "normal" circulation
during the hypovolemic procedure than before.
One such patient, C. Di., however, did show the
usual antidiuretic response when the cardiac out-
put and arterial pressure were reduced.

The explanation just offered, namely that a
suboptimal, hypovolemic, hypokinetic state of the
circulation is the effective stimulus to the anti-
diuretic response, is also compatible with the ob-
servation that closing a large, long-established ar-
teriovenous shunt usually causes an increase in
sodium and water excretion, whereas opening a
new AV shunt in dogs generally causes a decrease
in water and salt excretion (11). In these latter
experiments the changes in right cardiac and pul-
monary arterial pressures are just the opposite to
those found in hypovolemic experiments, but the
systemic arterial pressures, and indeed the danger
of circulatory collapse, and the renal excretory
responses are similar. Although it is true that
the cardiac output increases in the shunt-open-
ing experiments, and decreases in the blood-vol-
ume-reducing experiments, relative to demand it
may be presumed to be suboptimal in both. There-
fore, no single cardiohemodynamic measurement
in itself can be taken as uniformly indicative of a
suboptimal circulation. Only when the supply of
effectively circulating blood relative to demand is
adequate can the circulation be said to be optimal.
A suboptimal state of the circulation undoubtedly
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sets in motion a battery of compensating homeo-
static mechanisms. One of these appears to be
a relative decrease in water and salt excretion.

SUMMARY

1. In response to venous congestion of the
legs or to a phlebotomy of 450 to 700 ml. of blood,
patients with congestive heart failure may or may
not have the decreases in water and salt excre-
tion which normally occur in individuals without
heart failure.

2. Simultaneous cardiohemodynamic measure-
ments suggest that decreases in sodium and water
excretion are more apt to occur after venous con-
gestion or bleeding when there is a decrease in
cardiac output or peripheral arterial pressure or
clinical signs of imminent circulatory collapse. In-
creases in sodium and water excretion are more
apt to occur after the same procedures if there is
an increase in cardiac output or peripheral arterial
pressure.

3. No apparent relationship was noted between
the renal responses and changes in pulmonary ar-
terial and right ventricular pressures.

4. The observed decreases in renal function
after venous congestion of the legs or phlebotomy
may be regarded as homeostatic responses to a
suboptimal effectively circulating blood volume.
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