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A B S TRACT Plasma aldosteronie, cortisol, and renin
activity were measured in nine recumbent patients with
hyperaldosteronism, including seven with adenomas, one
with idiopathic hyperplasia, and one with glucocorticoid
suppressible hyperplasia. All had peak values of plasma
aldosterone concentration from 3 a.m. to noon and lowest
values at 6 p.m. or midnight. This rhythm was similar
to the circadian pattern of plasma cortisol in the same
patients. When these data were normalized to eliminate
the wide variation in ranges of plasma aldosterone and
cortisol between individuals, there was an excellent cor-
relation (r = + 0.87, P < 0.005) between the two hor-
mones. In contrast, plasma aldosterone concentrations
did not correlate with plasmla renin activity before or
after normalization of data.

Short term suppression of ACTHby adniinistration of
dexamethasone eliminated the circadian variation of
plasma aldosterone in both patients with hyperplasia and
in four of five patients witlh adenomas, while it markedly
altered the rhythm in the fifth. Similar doses of dexa-
methasone were administered to four normal subjects and
did not flatten the circadian rhyrthm of plasma aldo-
sterone.

These data suggest that patients witlh primary aldo-
steronism have a circadian rhythm of plasma aldosterone
mediated by changes in ACTH.
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INTRODUCTION

Normiial recumbent subjects have highest plasma aldo-
sterone concentrations in the morning and lowest values
in the evening (1, 2). Similar circadian rhythms have
also been described for ACTH (3) and plasma renin
activity (4). The plasma aldosterone rhythm therefore
might he causally related to one or both of these stimuli.
Tw%o groups (1, 5) lave studied these relationships in
nornmal subjects on regular sodium diets and have con-
cluded that the circadian rhythm of plasma aldosterone
is primarily mediated by plasma renin activity.

P'reliminary data suggested that patients with primary
aldosteronism due to adrenal adenomas or adrenal hy-
perplasia (2) also have a circadian rhythm of plasma
aldosterone concentration. The renin-angiotensin system
might not be expected to control plasma aldosterone con-
centration in these patients since plasma renin activity
is low and aldosterone production is relatively resistant
to alterations in dietary sodium intake (6), posture (7),
and infused angiotensin II (8). The possibility that
norimial concenitrations of ACTHmight alter aldosterone
lproduction in some of these patients has been suggested
by a variable decrease in aldosterone production and uri-
nary excretion after suppression of ACTH with glu-
cocorticoids (9) and a marked rise after infusion of
ACTH (6, 10, 11).

The present study was designed to examine the rela-
tive importance of ACTH and of the renin-angiotensin
system in controlling the circadian rhythm of plasma
aldosterone in patients with primary aldosteronism.
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METHODS
Plasma aldosterone concentration (12) and plasma renin
activity (13) were measured by radioimmunoassay. Cortisol
was determined by partitioning plasma between benzene, cy-
clohexane, and water and assaying the more polar fraction
with a competitive protein binding technique (14). Over
95% of corticosterone is eliminated by this procedure. Tri-
tiated cortisol was added to plasma to correct for losses in
extraction. The intra-assay variation between replicates for
each assay was 15% or less. All samples from a patient
were run concurrently.

Correlation coefficients (15) between plasma hormone
concentrations were computed using both original and nor-
malized values. Normalization was performed by assigning
0% to the lowest and 100% to the highest value of each
circadian rhythm and interpolating intermediate values. This
was carried out in order to correlate data from several pa-
tients without distortions attributable to wide variations
in the range of hormone concentrations among individuals.

Clinical stutdies. Seven patients with primary aldosteron-
ism due to an adrenal adenoma were studied. Each had
hypertension, hypokalemia, normal plasma cortisol concentra-
tions and suppressed plasma renin activity. Their plasma al-
dosterone failed to suppress normally after recumbency and
infusion of normal saline (16). The presence of an ade-
noma was established by surgery or adrenal venography in
all but one. This patient had very high plasma aldosterone,
sodium, and bicarbonate concentrations, markedly suppressed
plasma renin activity, and a very low plasma potassium
concentration as is characteristic of patients with an adrenal
adenoma rather than hyperplasia (17). Attempts at adrenal
venography were unsuccessful, and he is not an operative
candidate because of severe coronary artery disease. Two
patients with bilateral adrenal hyperplasia were also studied.
One patient failed to correct his hypokalemia or hyper-
aldosteronism by glucocorticoid therapy and had the diagno-
sis of idiopathic hyperplasia confirmed at surgery. The sec-
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FIGURE 1 Mean plasma aldosterone (PA), cortisol (PC),
and renin activity (PRA), during the control period are
plotted for seven recumbent patients with primary aldo-
steronism and adenoma on a regular sodium diet.
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FIGURE 2 The circadian rhythm of plasma aldosterone
(PA) and plasma cortisol (PC) have been superimposed
for seven patients with primary aldosteronism and adenoma
and two patients with hyperplasia. The 2400 hour absolute
concentration of each hormone is included. Changes there-
after can be determined from the respective scales. Patient
A has idiopathic and patient B has glucocorticoid sup-
pressible hyperplasia.

ond patient had glucocorticoid suppressible aldosteronism
(18) with hyperplasia demonstrated by adrenal venography.
Four healthy normotensive males were used as control
subjects.

The studies were performed in the hospital. All patients
ate a standard hospital diet and were encouraged to use a
similar amount of sodium each day. When potassium supple-
ments were necessary, the amount used was constant
throughout the study. Experiments were performed in such
a way as to simulate a normal sleep-posture relationship.
Patients went to bed at 10 p.m. with an indwelling needle
in an arm vein. Speciments were obtained at midnight, 6
a.m., noon, and 6 p.m. The subjects were permitted to sit
for 5-10 min immediately following sampling in order to
eat and use a bedside commode at 6 a.m. and noon. This
routine was felt to provide less stress to the subject than
attempting to eat or attend to bodily functions in a recum-
bent posture and provided almost 6 h of recumbency before
the next phlebotomy. This is more than adequate time to
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FIGURE 3 Mean plasma aldosterone (PA) at intervals throughout the day are plotted for
patients with primary aldosteronism and adenomas during the control period and during
dexamethasone therapy. Individual valuies for the patient with idiopathic hyperplasia and the
patient with glucocorticoid suppressible hyperplasia are included for comparison.

establish basal conditions since Katz, Romf h, and Smith
(19) found that plasma renin activity and plasma aldo-
sterone returned to basal levels within 1 h of such activity.
Blood volume losses during each sampling were only 15 ml.
This small volume loss is not sufficient to stimulate hor-
monogenesis (20).

For studies of circadian variation during acute suppres-
sion of ACTH, 0.5 mg of dexamethasone was given by
mouth every six h beginning 6 h before the first blood
sample was obtained. Patients were recumbent as in the
control period. These studies generally were performed the
day following the control study. The patients were am-

bulatory between 6 and 10 p.m. prior to the second study.

RESULTS

The patients with aldosterone-producing adenomas had
a distinct circadian rhythm of plasma aldosterone con-

centration with the peak mean value at 6 a.m. and lowest
values at 6 p.m. or midnight (Fig. 1). The peak mean

plasma renin activity, however, occurred at noontime.
There was no correlation between plasma renin activity
and plasma aldosterone concentrations before or after
normalization of the data (r = + 0.05, P > 0.10). Most
patients with adenomas had circadian rhythms of plasma
aldosterone concentration similar to the two patients
with hyperplasia (Fig. 2). The rhythms of plasma aldo-
sterone and cortisol for each patient have been super-
imposed in Fig. 2 and indicate that the changes in hor-
mones are qualitatively similar. When a linear regression
coefficient was derived using pooled data from all of the

patients, no statistical significance was achieved in spite
of the similarity of the two rhythms. Upon inspection

of the data, it become apparent that this was primarilv
due to the marked variation in the range of plasma aldo-
sterone and cortisol concentration between individual
patients. When the disparity in the ranges was eliminated
by normalizing the data of individual patients before they

wrere pooled, the correlation between plasma aldosterone
and cortisol concentrations was highly significant (r=
+ 0.87, P < 0.005).

Five patients with adenomas, the patient with idio-
pathic hyperplasia and the patient with glucocorticoid
suppressible hyperplasia were also studied while taking
dexamethasone (Fig. 3). There was no change in die-
tary intake between the control and dexamethasone pe-

riocls. The mean 6 a.m. plasma potassium concentration
was 2.8 meq ±0.4 SEM in the control period and 3.0
meq ±0.2 SEMI during the dexamethasone period. The
patients with adenomas generally had higher concentra-
tions of plasma aldosterone during the control period
than did the patients with hyperplasia. As expected,
plasma aldosterone concentrations were suppressed to
very low values in the patient with glucocorticoid sup-

pressible hyperplasia. The patient with idiopathic hy-
perplasia had moderate suppression and marked flattening
of his circadian rhythm of plasma aldosterone. The five
patients with adenomas also had moderate suppression
of their mean plasma aldosterone concentration below
control values during the 24 h period. The circadian
rhythm was flattened in four of these patients and mark-
edly altered in the fifth. While the circadian rhythm of
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FIGURE 4 Mean plasma aldosterone (PA), plasma cortisol (PC), and plasma renin activity
(PRA), are plotted for five recumbent patients with hyperaldosteronism and adenoma during
dexamnethasone 2 mg/day therapy. Data are similarly plotted for four recumbent normal sub-
jects studied under identical conditions.

plasma cortisol was abolished in these patients with pri-
mary aldosteronism after dexamethasone suppression of
ACTH (Fig. 4), there was still a poor correlation of
plasma aldosterone concentration with plasma renin
activity before and after normalization of the data (r =
- 0.17, P > 0.10). When four normal subjects were
similarly studied, the circadian rhythm of plasma al-
dosterone was preserved, and it was significantly corre-
lated with changes in plasma renin acitvity (r = + 0.68,
P <0.005).

DISCUSSION
Michelakis and Horton (1) and Williams, Cain, Dluhy,
and Underwood (5) have observed a circadian rhythm
of plasma aldosterone in normal subjects on a regular
diet. The changes in mean plasma aldosterone concen-
tration were closely correlated with changes in mean
plasma renin activity, both being highest in the early
morning and lowest at 6 p.m. or midnight. Although
discrepancies between the two hormones in normal sub-
jects on a low sodium diet were noted in the study by
Michelakis and Horton, the conclusion has been reached
in other studies by Williams and Dluhy (21) that
changes in plasma renin activity are the main determi-
nant of the circadian rhythm of plasma aldosterone in
recumbent normal subjects.

In patients with primary aldosteronism, the renin-
angiotensin system would not be expected to be an im-
portant factor controlling aldosterone production since
plasma renin activity is low and infusion of angioten-
sin II has been reported to be ineffective in increasing
aldosterone production in untreated patients (8). The
present study confirms the lack of importance of plasma
renin activity in the control of plasma aldosterone con-
centrations- in these patients while recumbent since no

correlation was noted between the two hormones. Since
plasma renin activity does not appear to be a controlling
factor under these conditions, significant alterations in
the circadian rhythm of plasma aldosterone in patients
with primary aldosteronism might be expected. How-
ever, we have found a normal appearing circadian
rhythm of this hormone in every patient with primary
aldosteronism that we have studied although plasma
aldosterone concentrations were higher than normal
relative to sodium intake and plasma potassium concen-
tration.

Aldosterone excretion and secretion rates in patients
with primary aldosteronism due to an adrenal adenoma
have been reported. as variably diminished or unaffected
by administration of glucocorticoids (6, 9, 10, 22). The
inconstant effects of ACTH suppression and transient
increase of aldosterone secretion (10, 11) or excretion
(11) after ACTHstimulation has led some to conclude
that ACTH is not a major stimulus to aldosterone pro-
duction in patients with adenomas. Since secretory rates
or urinary excretion represent an integrated value of
the daily hormone production, major alterations may
occur in the rhythm of aldosterone production and
plasma concentration without being detected by these
tests.

Our patients with aldosteronism due to adenoma and
the patient with idiopathic hyperplasia had a highly
significant positive correlation between the concentra-
tions of plasma aldosterone and cortisol throughout the
day. This was similar to the expected close relationship
of the two hormones found in the patient with glucocor-
ticoid suppressible hyperplasia. This latter patient may
represent a form of adrenal enzymatic deficiency that is
apparently controlled by ACTHsince glucocorticoid ad-
ministration abolished aldosterone hypersecretion. This
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syndromne provides an important model for evaluating
the importance of ACTH in patients with hyperaldo-
steronism.

After dexamethasonie was adininiistered to five patients
wvith adeenomas and one with idiopathlic hyperplasia to
suppress endogenous ACTH, the circadiani rhythm of
plasma aldosteroine was flattene(d in five and markedly
altere(l in the sixtll. This flatteninig of the circadian
variation was similar to that seen in the patient with
glucocorticoid suppressible hyvperplasia. The response
of these patients to dexamiiethasonie therapy was in
marked contrast to that of the niormlal subjects. Tn the
latter group, a normal circadiani rhythm of plastma aldo-
sterone concentration wvas observe(d that closely corre-
lated with changes in plasma renini activity in the ab-
sence of ACTH. It is possible that arliations in plasnma
aldosterone have been miissedl by sampliing at 6-h inter-
vals and that this accounts for- the imarked flattening of
plasma aldosterone after dexanmethasone therapy. It is
unlikely that this would have occurred in all seven pa-
tients with hyperaldosteronism ancd not in any of the
four similarly examined normal subjects. The observed
changes could n1ot be ascribed to alterations in potassium
intake since the (liet andl potassiunm supplements. if re-
qulired, were not changed between the two periods. The
mean 6 a.m. plasma potassium conlcentriatiolns were not
significantly different during dexamethasone therapy
than during the control period. Wlhile we (lid not mea-
sure plasma potassium throughout the day in our pa-
tients, Williams et al. (5) did not find a significant cir-
cadian rhythm of potassiuimi in their normal subjects.
The decrease in the mean plasma aldosterone concentra-
tion after 1 day of dexamethasone administration in the
patients with adenomas and in the one patient with idio-
pathic hyperplasia was less than that seen in the pa-
tient with glucocorticoid suppressible hyperplasia. At
present, we do not know why there are such marked
differences in the degree of suplpression during dexa-
methasonie therapy.

These observationis do Inot lead us to coinclude that
primary aldosteronism is due to increased ACTH pro-
duction. Several studies have failed to develop evidence
for an increased production of ACTH in primary aldo-
steronism (23, 24). Presumably, the abnormal aldo-
sterone producing adrenal tissue has little inherent
rhythm of aldosterone production but in the absence
of significant levels of angiotensin II does respond
to normal or induced fluctuations of endogenous ACTH
and of potassium in the diet (10) and in plasma (21).

In summary, we have found that patients with pri-
nmary aldosteronism have a circadian rhythm of plasma
aldosterone concentration that appears similar to the
rhythm of plasma cortisol but not to that of plasma renin
activity. This observationi suggests that ACTH might

control the circadian rhythm of plasma aldosterone in
these patients. This possibility is strengthened by the
observation that the circadialn rhythmn in the patients
with primary aldosteronism, unlike normal subjects, is
flattened or markedly altered shortly after administra-
tion of dexaniethasone to suppress ACTH.

Addendumn. Since this manuscript was accepted for pub-
lication, the predicted diagnosis of adrenal adenoma in our
sevenith patient was confirmed by adrenal venography and
surgery at Portsmouth Naval Hospital, and by gross and
nicroscopic evaluation of the specimen in our pathology

laboratory. The assistance of Dr. Jessie Jones is gratefully
acknowvledged.
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