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The presence of a sodium-retaining hormone,
aldosterone, in the adrenal gland and adrenal ve-
nous blood (1-4), the increased urinary excretion
of aldosterone during sodium depletion (5, 6) and
the inability of men and animals with adrenal in-
sufficiency to conserve sodium support the con-
cept that the process by which the sodium content
and thus the extracellular fluid (ECF) volume of
the body are regulated includes adrenocortical
control of sodium excretion by aldosterone secre-
tion (7).

That aldosterone is involved in the formation of
edema is indicated by an increased urinary output
of this hormone by patients with edema caused by
heart failure, portal cirrhosis or nephrosis (8-13).

The present work further defines the role of
aldosterone in the control of ECF volume of nor-
mal men and in the formation of edema by patients
with heart failure or portal cirrhosis.

METHODS

The patients lived on a metabolic ward during the
studies. Constant diets were prepared from uniform lots
of food. The patients were weighed each morning after
voiding and before breakfast. Blood samples were
drawn 3 times a week before breakfast. Total collec-
tions of urine and feces were made. Urine was kept at 5°
C. during and following collection. Sodium and potas-
sium in diets, urine, feces and sera, and cation exchange
resin in feces were determined as previously described
(14). Uptake of sodium by resin was calculated on the
assumption that there were 2 mEq. of sodium per day
uncombined with resin in the stool (14).

Uptake of sodium in per cent =

mEq. fecal sodium/day - 2 x 100.
mEq. fecal resin/day

1Parts of this work have been reported briefly in the
discussion of the paper of Dr. John A. Luetscher, Jr. at
the 1955 Laurentian Hormone Conference and in abstract
form (Circulation, 1955, 12, 697).

Sodium uptake is thus the percentage of the total ex-
change capacity of the resin occupied by sodium. The
uptake of potassium by resin was calculated in the same
fashion on the assumption that there were 10 mEq. of
potassium per day uncombined with resin in the stool.
The results are essentially the same if it is assumed
that all of the sodium and potassium in the stool is com-
bined with resin.

Urinary extracts of aldosterone were prepared by the
following procedure within three days of the collection
of urine. The urine was acidified to pH 1 with HCI and
divided into 1500 ml. batches. Water was added if
necessary to achieve the proper volume. Each batch of
urine was then placed in a glass tube 120 cm. high by
4.3 cm. in diameter. Urine was pumped from the bot-
tom of this tube to the bottom of another tube 120 cm.
high by 2.5 cm. in diameter. It ascended in droplets at
the rate of 10 ml. per minute through 350 ml. of dichloro-
methane to the top of the tube whence it was returned to
the top of the first tube. This extraction was continued
for 22 hours. The dichloromethane had been previously
purified by passage through a column of silica gel. Fol-
lowing the extraction the dichloromethane was washed
twice with 0.1 its volume of 0.1 N sodium carbonate and
twice with 0.1 its volume of water. The washings were
backwashed with their volume of dichloromethane. The
dichloromethane was then evaporated to dryness by pass-
ing nitrogen through it under reduced pressure at room
temperature. The residue was dissolved in ethanol and
stored at -7° C. until it was assayed in dogs for aldo-
sterone (15). Urinary 17-hydroxycorticoids were de-
termined in several patients by a modification of the
method of Silber and Porter (16).

Venous pressure was measured by connecting a ma-
nometer directly to a needle inserted in an antecubital
vein. With the patient reclining the venous pressure was
recorded as the height of the fluid above a plane half-
way between the uppermost portion of the sternum and
the back of the patient.

PROCEDUREAND RESULTS

Dietary sodium for the different subjects varied
from 6 to 12 mEq. per day. Dietary potassium
was supplemented by potassium on cation ex-
change resin and in some cases by potassium salts.
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FIG. 1. STUDY OF A NORMALMAN

During days 1 through 16 and days 19 through 24 he
was depleted of sodium by cation exchange resin and a
low sodium diet. During days 9 through 14 saline was
given intravenously. Retention of enough sodium to pro-
duce a small expansion of extracellular fluid (ECF)
volume as estimated from body weight led to a fall of
urinary aldosterone to a very low level and to a greatly
increased urinary excretion of sodium. During days 1
through 6 and days 19 through 24 the urinary sodium
excretions were 0.6 and 0.7 mEq. per day.

Each subject ingested daily 355 mEq. (43 gm.) of
a carboxylic cation exchange resin 2 in the hydro-
gen and potassium form. The intake of resin be-
gan some days before the collection of data.
Whenever intravenous saline was given, the
quantity given each day was 2 liters containing

2 The preparation used was Natrinil, a pharmaceutical
grade of Amberlite IRC-50 suitably prepared for thera-
peutic use.

253 millimols of sodium chloride and 55 millimols
of sodium lactate. This was infused in a period of
2 hours or less. The excretion of 17-hydroxy-
corticoids, determined daily in several patients,
was normal and did not vary during the studies.

Noruw subjects
Two normal subjects were studied. The re-

sults of one study are shown in Figure 1. The
results of the other study were essentially the
same. Prior to the collection of data the subjects
were depleted of sodium by resin and, a low sodium
diet. They were studied while depleted of sodium,
then while receiving intravenous saline daily, and
finally after being again depleted of sodium by
resin and a low sodium diet. When each subject
was depleted of sodium, his weight, urinary excre-
tion of sodium, and sodium uptake by resin were
lower and urinary excretion of aldosterone was
higher than when body sodium was greater be-
cause of the daily intravenous infusion of saline.
The average urinary excretion of aldosterone by
each of the normal subjects during the days when
intravenous saline was administered was 6 mi-
crograms per day. Average serum sodium con-
centrations for the two subjects were slightly
higher during the days that they received saline
intravenously (Table I). During the days when
saline was given intravenously, the uptake of po-
tassium by resin was lower and the urinary potas-
sium higher than during the days when the sub-
jects were depleted of sodium. Serum potassium
concentrations in both were slightly higher during
the days that they received saline intravenously
(Table I).

TABLE I

Serum elcctrolyte concenrations * during sodium dePtiox and repltion

Di nosis

Normal
Normal
Portal cirrhosis
Portal cirrhosis
Arberioslerotic heart disease
Hypertensive heart disease
Hypetensive heart disease
Syphilitic aortic insufficiency
Arteriosclerotic heart disease

Serum sodium
Sodium sodium

depleted repleted
139 141
139 140
140 144
140 145
138 144
138 138
141 142
127 129
142 128

Serum potassium
Sodium Sodium
depleted repleted

3.9 4.1
4.4 4.5
4.5 4.2
3.0 3.6
4.5 4.6
5.5 5.6
4.4 5.0
6.5 5.7
4.3 5.6

* These values are the averages of the results of the determinations made during the periods of depletion and re-
pletion.

Subject

L. D.
W. Y.
F. H.
W. G.
.L.

W. B.
F. R.
C. G.
V. B.
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Patients with cirrhosis

Two patients with portal cirrhosis were studied.
Results from one study are shown in Figure 2.
Those of the other study were essentially the same.
D.uring the first part of the study neither patient
had subcutaneous edema. One had slight ascites;
the other had no ascites. Saline was then given
intravenously'daily until subcutaneous edema and
marked ascites were present. The weight of each
patient increased 7 Kg. The daily. infusion of
saline was then discontinued, and the edema and
ascites allowed to persist'.for a number of days.
For one of the patien'ts there was an additional
period of study following removal of the ascitic
fluid by paracentesis.

When edema and ascites were present, urinary
excretion of sodium and sodium uptake by resin
were higher and urinary excretion of aldosterone
was lower than when there, was''no edema and little
or no ascites. The urinary excretion of sodium
and the uptake of sodium by resin never reached
as high levels and the urinary excretion of aldo-
sterone never reached as low a level'as the values
for the normal subjects when intravenous saline
was given. The average amounts of aldosterone
excreted in the urine by the two patients when
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FIG. 2. STUDYOF A PATINT WITH POtTAL CMRHOSIS
During days 1 through 6 and days 17 through 22 there

were slight ascites and no edema. Edema and conspicu-
ous ascites were produced by the intravenous adminis-
tration of saline. Associated with reten of enough
sodium to produce this expansion of ECF volume there
was a decrease of urinary excretion of aldcoterone and
an increase in the excretion of sodium.
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FIG. 3. STUDY OF A PATIENT WITH CONGESTIVEHEART
FAILURE

The excretion of sodium on resin resulted in a gradual
loss of edema which was not detectable after day 12.
The loss of sodium and edema was accompanied by a
marked decrease in the excretion of sodium on resin,
a. gradual decrease in urinary sodium excretion, and a
marked increase in excretion of aldosterone.

edema was present were 12 and 26 micrograms
per day. When edema was present,the average
concentrations of sodium in the serum were some-
what higher than when edema was absent (Table
I). When edema and conspicuous. ascites were
present, potassium uptake by resin was lower and
urinary potassium higher than when there was no
edema and little or no ascites. When e-dema was
present the average concentration of potassium in
the serum was slightly higher in one case and
slightly lower in the other case than when no
edema was present (Table I).

Patients with congestive heart failure

Five patients with heart failure were studied.
The diagnoses for ,these patients are given in Table
I. Results of the studies of 3 patients are il-
lustrated in Figures 3 through 5. The data from
the studies of the other two patients were essen-
tially the same as those illustrated in Figures 3
and 4.

The responses of 4 of the patientJ to changes in
body sodium were qualitatively similar to the re-
sponses of the normal subjects and the patients
with cirrhosis. J. L. who had been maintained
free of edema by sodium restriction and diuretic
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FIG. 4. STUDYOF A PATIENT WITH HERTFAIURE
The figure illustrates the small change in aldosterone

excretion which may result from retti of enough
sodium to produce a relatively large expansion of ECF
volume. There was no edema on days 1 through 6 and
on days 20 through 25. Edema was present on days 11
through 16. The arrow indicates the ijection of a
mercurial diuretic.

therpy was made edematous by the intravenous
infusion of saline. He was studied as he lost
edema as a result of a moderate urinary excretion
of sodium and the fecal excretion of sodium on
resin. W. B. (Figure 3) was studied as he passed
from an edematous to a non-edematous state as a
result of a large fecal excretion of sodium. F. R.
(Figure 4) was studied while without edema,
while edematous following the intravenous infu-
sion of saline, and after loss of edema followi
use of a mercurial diuretic. C. G. was studied
while only slight edema was present and after
marked edema had been produced by intravenous
saline. The changes in weight produced in these
patients varied from 5 to 10 Kg.

When edema was present, urinary excretion of
sodium and sodium uptake by resin were higher,
and urinary excretion of aldosterone was lower
than when edema was almost or completely ab-
sent. The urinary excretion of sodium and the
uptake of sodium by resin never reached as high
a level and the. una eretion of adoteume
never reached as low a level as the valises- for the
normal subjects during the days when salinewas
given intravenously. There was great variation

in the responses of the patients with heart failure.
In general, larger changes occurred in J. L. and
W. B. than in F. R. and C. G. The average uri-
nary aldosterone excretions of these patients while
they were edematous were 13, 14, 17 and 306 mi-
crograms. per day. When edema, was present the
average serum sodium concentrations (Table I)
were the same or slightly higher than when edema
was absent. When edema was present, uptake of
potassium by resin was lower and urinary po-
tassium higher than when there was little or no
edema. Serum potassium concentrations (Table
I) were slightly higher in 3 cases when edema was
present. It was somewhat lower in the fourth
case. Venous pressure was much higher when
edema was present.

The response (Figure 5) of the other patient
(V. B.) with heart failure was opposite to that
of the normal subjects. She had been in the hos-
pital on a low sodium diet for a month prior to the
study without evidence of change in cardiac func-
tion or in the gross edema that was present.
During the first part of this study this gross edema
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FIG. 5. STUDYOF A PATIENT WIT CONGESTIV CARDIAC
FAIURE

The great edema which was present in this. patient was
removed by sodium depletion with injections of a mer-
curial diuretic as indipated by the arrows. This was fol-
lowed by a decrease in unrnary excretion of aldosterone
and an increase in the uptake o sodium by resin. The
average urinary excretion of sudinm during the first
5 days was 1.5 mEq. per day,and during the last 6 days
2.6 mnEq, per day. The response in this case was quali-
tatively opposite to that usually seen.
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was allowed to persist. Then diuresis was pro-
duced by administration of a mercurial diuretic.
She lost 20 Kg. Following this there was no sub-
cutaneous edema. When edema was present, uri-
nary excretion of sodium and uptake of sodium by
resin were lower, and urinary excretion of aldo-
sterone was higher than when there was no edema.
Serum sodium concentration rose from 128 to 142
mEq. per liter as edema was lost.

Urinary potassium and uptake of potassium by
resin were approximately the same when there
was edema as when there was none. Serum po-
tassium fell from 5.6 to 4.3 mEq. per liter as
edema was lost. Loss of edema was accompanied
by a reduction of venous pressure from 250 mm.
to 150 mm. of water.

DISCUSSION

Variation in the excretion of an adrenocortical
steroid may be due to changes in the plasma con-
centration of the steroid or to changes in renal
function (17). That the variation in the urinary
aldosterone observed in the present study was due
to changes in plasma aldosterone is indicated by
two facts. First, sodium uptake by resin varied
inversely with urinary aldosterone excretion.
Since intestinal excretion of sodium is reduced by
adrenocortical steroids (18, 19), a low uptake of
sodium by resin, when urinary aldosterone is high,
is evidence that a high level of circulating aldo-
sterone is also present. Secondly, there was no
variation in the renal excretion of 17-hydroxy-
corticoids as would have occurred if there had
been changes in renal function of importance in
the excretion of steroids. Thus in the following
interpretation of the results of this study plasma
aldosterone concentration is considered to have in-
creased and decreased as urinary aldosterone ex-
cretion increased and decreased.

The responses of the two normal subjects to
changes in body sodium were studied so that they
could be compared with the responses of the pa-
tients with cirrhosis or heart failure. When body
sodium was maintained at a high level the normal
subjects weighed about 1 Kg. more than when
they were depleted of sodium. This increment in
weight is taken as a moderately accurate measure
of the increase in ECF volume produced by the
increase in body sodium. Immediately after the

infusion of 2 liters of saline each day the ECF
volume was expanded by another 2 liters. Thus
the change in ECF volume was at no time much
more than 3 liters. The increase in body sodium
which produced this relatively small change in
ECF volume resulted in a large increase in the
urinary excretion of sodium. The increase in
body sodium in some way also led to a decrease of
circulating aldosterone to very low levels as esti-
mated from urinary aldosterone.

It appears that in a normal individual an in-
crease in body sodium such as to produce a rela-
tively small increase in ECF volume reduces the
circulating aldosterone to very low levels and that
this is a factor in increasing the urinary excretion
of sodium and thus preventing continued expansion
of ECF volume. Factors which were not meas-
ured in the present study may also, of course, have
been of importance in producing the changes in
sodium excretion which occurred. Glomerular
filtration, for example, may increase with sodium
loading of normal men (20-23). Thus an increase
in glomerular filtration may have contributed to
the increased excretion of sodium by the normal
subjects.

The present data do not bear on the question of
how an increase in body sodium modifies the level
of circulating aldosterone.

The responses of the patients with cirrhosis and
of 4 of the 5 patients with heart failure to an in-
crease in body sodium were qualitatively normal
but quantitatively weak in that urinary excretion
of sodium did not increase to as high a level nor
circulating aldosterone, as estimated from urinary
aldosterone, decrease to as low a level as in the
normal subjects who had much smaller increases
in body sodium and ECF volume.

The failure of patients with cirrhosis or heart
disease to reduce aldosterone to very low levels
following an increase in body sodium is probably
an important factor in the further retention of so-
dium and formation of edema by these patients.
The other factor of known importance is glomeru-
lar filtration rate (24). That neither of these
factors is alone sufficient to cause sodium reten-
tion is demonstrated by two observations. First,
the reduction of glomerular filtration which oc-
curs in adrenal insufficiency does not lead to so-
dium retention nor indeed stop sodium loss. Sec-
ondly, patients with tumors which produce large
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amounts of aldosterone (25) do not retain much
sodium.

It appears probable that one of the reasons that
patients with cirrhosis do not respond quantita-
tively normally to an increase in body sodium and
extracellular fluid volume is that most of the so-
dium and fluid is in the abdomen. The rest of the
body may still have a low sodium and extracel-
lular fluid content. The results of this study do
not suggest any explanation of why patients with
heart failure have a quantitatively weak response
to retention of sodium and water.

The change in sodium excretion and aldo-
sterone produced by retention of sodium in one
patient was exactly opposite to the change pro-
duced in the other patients and normal subjects.
That this is an unusual response is shown by its
occurrence in only one of the patients in this
study and in none of the patients in previous
studies (14, 26) in whom the degree of edema
was varied by sodium administration or depriva-
tion, and sodium excretion in urine and onto
resin determined. The occurrence of this unusual
response indicates that some factor which did not
play a decisive role in the other patients was de-
cisive in this patient. One possibility is that this
factor was the myocardial response to alteration
in venous pressure. Reduction of the venous
pressure of patients with heart failure may lead to
improvement in cardiac function as measured by
cardiac output (27). In this patient, retention of
sodium and expansion of ECF volume may have
increased venous pressure enough to impair myo-
cardial function and thus have led to an increase
in circulating aldosterone.

When the response of a patient with edema to
further retention of sodium is qualitatively normal
but weak, the accumulation of edema becomes
progressively slower because of the increased so-
dium excretion that occurs as edema increases.
However, despite a degree of edema that caused
severe symptoms, the patients observed in this
study could have maintained a steady state as far
as ECFvolume was concerned only if their dietary
sodium were low. A patient who responds to an
increase in body sodium with an increase in aldo-
sterone is in a peculiarly unfavorable position.
As edema accumulates he becomes even more
prone to accumulate additional edema.

Potassium excretion on resin by patients and

normal subjects was greater when body sodium
and thus ECF volume were relatively low than
when they were large. This may have been due
in part to a direct effect of aldosterone on the
intestinal excretion of potassium. However, it
may have been due only to the presence of less
sodium on resin when body sodium was low since
a decrease in sodium on resin leaves more ex-
change capacity available for potassium.

The increased fecal excretion of potassium when
body sodium was relatively low resulted in de-
creased net intestinal absorption of potassium.
This led to decreased urinary excretion of potas-
sium. This decrease in urinary potassium ex-
cretion was not due to a change in circulating
aldosterone. It occurred despite an increase in
circulating aldosterone which tends to increase
potassium excretion (7).

SUMMARY

The urinary excretion of aldosterone and so-
dium and the fecal excretion of sodium onto cation
exchange resin have been studied in normal men
and in patients with heart failure or portal cir-
rhosis in whom the body content of sodium has
been experimentally varied. Reasons are ad-
vanced for considering urinary aldosterone ex-
cretion a measure of circulating aldosterone.

A relatively small increase in the body sodium
of normal men decreases the urinary excretion of
aldosterone greatly. The decrease in circulating
aldosterone which this reflects is probably an im-
portant factor in the increased urinary excretion
of sodium which occurs at the same time. This
response tends to prevent a continued increase
in body sodium and thus extracellular fluid (ECF)
volume.

Retention of enough sodium to produce marked
expansion of the ECF volume of patients with
heart failure or portal cirrhosis usually produces
changes in aldosterone and sodium excretion quali-
tatively similar to those occurring in normal sub-
jects with relatively small increases in body so-
dium and ECF volume. However, aldosterone
excretion does not fall to as low a level nor sodium
excretion rise as high as in normal subjects.

The failure of aldosterone to fall to very low
levels in response to an increase in body sodium
is probably an important factor in the formation
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of edema in patients with heart failure or portal
cirrhosis.

Addendum
Since the completion of this study, an abstract has been

published stating that increasing dietary sodium de-
creases but does not return to normal the urinary excre-
tion of aldosterone by patients with heart failure. (E. S.
Gordon, J. Lab. & Clin. Med., 1955, 46, 820.)
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