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Aims

Methods
and results

Elevated levels of the mineralocorticoid hormone aldosterone are recognized as a modifiable contributor to the
pathophysiology of select cardiovascular diseases due to left heart failure. In pulmonary arterial hypertension
(PAH), pulmonary vascular remodelling induces right ventricular dysfunction and heart failure in the absence of
left ventricular (LV) dysfunction. Hyperaldosteronism has emerged as a promoter of pulmonary vascular disease
in experimental animal models of PAH; however, the extent to which hyperaldosteronism is associated with PAH
in patients is unknown. Thus, the central aim of the current study is to determine if hyperaldosteronism is an unrec-
ognized component of the PAH clinical syndrome.

Plasma aldosterone levels and invasive cardiopulmonary haemodynamic measurements were obtained for 25 patients
referred for evaluation of unexplained dyspnoea or pulmonary hypertension. Compared with controls (n = 5),
patients with PAH (n = 18) demonstrated significantly increased plasma aldosterone levels (1200.4 + 423.9 vs.
5959.1 + 28179 pg/mL, P <0.02), mean pulmonary artery pressure (214 +50 vs. 455 + 10.4 mmHg,
P < 0.002), and pulmonary vascular resistance (PVR) (1.41 + 0.6 vs. 7.3 + 3.8 Wood units, P < 0.003) without dif-
ferences in LV ejection fraction or pulmonary capillary wedge pressure between groups. Among patients not pre-
scribed PAH-specific pharmacotherapy prior to cardiac catheterization, a subgroup of the cohort with severe
pulmonary hypertension, aldosterone levels correlated positively with PVR (r = 0.72, P < 0.02) and transpulmonary
gradient (r = 0.69, P < 0.02), but correlated inversely with cardiac output (r = —0.79, P < 0.005).

Conclusions These data demonstrate a novel cardiopulmonary haemodynamic profile associated with hyperaldosteronism in
patients: diminished cardiac output due to pulmonary vascular disease in the absence of LV heart failure.

Keywords Aldosterone e Pulmonary hypertension e Right ventricle e Heart failure

Introduction a!doster(.)ne (inappropriate rela.tlve to dlet.ary sodl.um) are assq
- ciated with a vasculopathy that is characterized by increased peri-

Aldosterone is a mineralocorticoid hormone synthesized in the :  vascular fibrosis, intimal hypertrophy, and abnormal vascular

zona glomerulosa of the adrenal gland primarily in response to a reactivity.1‘2 When present in patients with congestive heart

decrease in circulating blood volume. Elevated levels of : failure and decreased cardiac output due to left ventricular (LV)
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systolic  dysfunction, hyperaldosteronism is associated with
increased rates of morbidity and mortality.>*

Pulmonary arterial hypertension (PAH) (referred to formerly as
primary pulmonary hypertension) is a severe disease in which
negative remodelling of distal pulmonary arterioles results in
increased vascular tone, right ventricular (RV) pressure loading,
and, ultimately, irreversible right heart failure (cor pulmonale).
We have demonstrated recently that hyperaldosteronism is
present in established experimental animal models of end-stage
PAH characterized by decreased cardiac output in the absence
of LV dysfunction.® In these experiments, pharmacological inhib-
ition of aldosterone attenuated perivascular fibrosis to improve
cardiopulmonary haemodynamics, suggesting that aldosterone
may be an unrecognized (and potentially modifiable) contributor
to the pathogenesis of syndromes characterized by dysfunction
of the pulmonary circulatory—RV axis. The extent to which hyper-
aldosteronism is present in patients with PAH, however, is
unknown. Thus, in the current study, we investigated the hypoth-
esis that hyperaldosteronism is a component of clinical PAH owing
to the adverse effect of aldosterone on pulmonary vascular remod-
elling and the consequent changes in cardiac output in patients
with severe forms of this disease.

Methods

The study was approved by the Partners Human Research Committee
and complies with the Declaration of Helsinki. Informed consent for
study participation was obtained for 25 patients who were referred
to the Pulmonary Hypertension Center at Brigham and Women'’s Hos-
pital over a 4-year period for evaluation of unexplained dyspnoea or
pulmonary hypertension detected by echocardiography, or to assess
response to PAH-specific pharmacotherapy. For all study patients, a
right heart catheterization was performed, and blood samples were
acquired with the catheter in the pulmonary artery or pulmonary ca-
pillary wedge position. Haemodynamic criteria for the diagnosis of
PAH were a history of right heart catheterization demonstrating a
mean pulmonary artery pressure (mPAP) >25 mmHg and pulmonary
vascular resistance (PVR) >3.0 Wood units in the setting of a pulmon-
ary capillary wedge pressure (PCWP) <16 mmHg.® Patients for whom
cardiac catheterization data did not meet these criteria were consid-
ered controls, and it was confirmed through the medical record that
control patients had not been diagnosed previously with PAH.

Sample processing

All patients underwent elective cardiac catheterization. Blood was
drawn from the pulmonary artery or pulmonary capillary wedge pos-
ition with the patient supine. The patient’s dietary status was nil per os
(nothing by mouth), and thus aldosterone sample collection occurred
at least 6 h following dietary salt or medication intake for all patients. In
all but one patient, blood samples were collected between 8 a.m. and
12 p.m. on the day of the procedure. Whole blood samples were im-
mediately centrifuged at 1200 r.p.m. for 10 min at 4°C. The plasma was
collected and immediately stored at —80°C. Aldosterone levels were
analysed by immunoassay (Cayman; detection limit (80%B/B,) 21 pg/
mL, mean intra-assay variation 10.7%, interassay variation 15.4%) by
an experienced laboratory scientist who was blinded to the patients’
clinical data.

Imaging

Patients underwent a two-dimensional transthoracic echocardiogram
as clinically indicated using standard ultrasound equipment from
three major vendors (GE Healthcare, Milwaukee, WI, USA; Phillps,
Bothel, WA, USA; and Siemens, Erlanger, Germany). A cardiologist
certified in echocardiography and blinded to patient plasma aldoster-
one levels interpreted all studies using the Syngo Cardiac Reporting
(Siemens Medical Solutions USA Inc., Mountain View, CA, USA)
digital system. Left atrial and LV dimensions were measured in the
parasternal long axis view, and LV ejection fraction (EF) was assessed
using the biplane Simpson’s method.

Statistical analyses

All statistical analyses were performed using Origin 8.1 (Northampton,
MA, USA). Categorical variables are reported as frequencies with per-
centages. Continuous data are expressed as the mean + SD. Compar-
isons between two groups were performed using the unpaired t-test.
Univariate logistic regression analysis was used to assess the relation-
ship between aldosterone and various cardiopulmonary haemodynam-
ic measurements. Statistical significance was defined as P < 0.05.

Results

Patient demographics

Of the 25 patients enrolled in the study, 20 achieved haemodynam-
ic criteria for PAH. The patient clinical characteristics are pre-
sented in Table 1. At the time of cardiac catheterization, none of

Table I Clinical characteristics of the patient cohort at
the time of cardiac catheterization

Patient characteristic = Control (n = 5) PAH (n = 20)
Female 3 (60%) 16 (80%)
Age (years) 50.0 (28-84) 53.5 (29-76)

WHO functional class
1 4 (80%) 0
2 0 4 (20%)
3 1 (20%) 14 (70%)
4 0 2 (10%)

Co-morbidities
Congenital heart 1 1
disease
Asthma 1 1
Interstitial lung disease 1 3
Bronchopulmonary 1 0
dysplasia
Coronary artery 1 1
disease
Atrial fibrillation 0 4
Connective tissue 0
disease
Systemic hypertension 0
Obstructive sleep 1 5
apnoea
Liver cirrhosis 0 2

PAH, pulmonary arterial hypertension; WHO, World Health Organization.
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the six study patients with systemic hypertension had laboratory
evidence of hypokalaemia or hypomagnesaemia, which, if
present, could be indicative of primary hyperaldosteronism.
There was no significant difference in age between controls and
PAH patients (50.0 + 21.0 vs. 53.5 + 13.6 years, P = 0.7), and in
each group the majority of patients were women. The most
common World Health Organization (WHO) functional class in
the PAH and control cohorts was category | (i.e. unlimited physical
activity) (80%) and category Il (i.e. comfortable at rest and symp-
toms with minimal activities) (70%), respectively. All PAH patients
had a WHO functional class of Il (i.e. comfortable at rest and
symptoms with ordinary activities), Ill, or IV (i.e. symptoms
prevent any physical activity). Among patients in the PAH
cohort, 18 (90%) were diagnosed with WHO category | pulmon-
ary hypertension (e.g. PAH) and 2 patients had WHO category IV
pulmonary hypertension (e.g, chronic thrombo-embolic pulmon-
ary hypertension). The most common aetiology for PAH was con-
nective tissue disease, which included scleroderma and rheumatoid
arthritis (Table 2).

The medication profile for patients at the time of cardiac cath-
eterization is provided in Figure 1. In the PAH cohort, nine patients
(45%) were prescribed PAH-specific pharmacotherapy, defined as
a phosphodiesterase type-5 inhibitor, dihydropyridine calcium
channel antagonist, endothelin receptor antagonist, or prostacyclin
analogue. In these patients, PAH-specific therapy was initiated
antecedent to study enrolment, based on strong clinical evidence
or prior cardiac catheterization suggesting a diagnosis of PAH. In
the control group, one patient was prescribed a dihydropyridine
calcium channel antagonist, although in this case the indication
for treatment was essential hypertension.

Figure | Patient medications at the time of cardiac catheteriza-
tion. ACE-l, angiotensin-converting enzyme inhibitor; ARB,
angiotensin receptor blocker; ETR, endothelin receptor
antagonist; HMG-CoA reductase inhibitor (‘statin’), 3-hydroxy-
3-methylglutaryl-coenzyme A reductase inhibitor; PAH, pulmon-
ary arterial hypertension; PDE-5, phosphodiesterase type-5
inhibitor; PGl,, prostacyclin I,.

Haemodynamics

Compared with controls, PAH patients demonstrated significantly
increased pulmonary artery systolic pressure (PASP) (30.9 + 5.1
vs. 69.5 + 155 mmHg, P <<0.0001), mPAP (214 vs. 455 +
10.4 mmHg, P < 0.002), and PVR (1.41 + 0.6 vs. 7.3 + 3.8 Wood
units, P < 0.003) (Table 3). Abnormal cardiopulmonary haemo-
dynamics in PAH patients were not secondary to LV systolic dys-
function or left heart remodelling: compared with controls, no
significant differences were observed in PAH patients with
respect to LVEF (614 + 6.1% vs. 65.8 + 5.9%, P = 0.15), LV end-
diastolic dimension (45.0 + 9.3 vs. 42.1 + 8.1 mm, P = 0.56), left
atrial size (384 + 6.0 vs. 37.2 + 7.6 mm, P=0.74), or PCWP
(124 £+ 6.0 vs. 12.8 + 6.2 mmHg, P = 0.91).

Aldosterone and cardiopulmonary
haemodynamics

The mean concentration of plasma aldosterone was elevated sig-
nificantly in PAH patients (1200.4 + 423.9 vs. 8935.7 + 9545.8
pg/mL, P < 0.05). In two PAH patients, aldosterone levels were
>30-fold above the mean value for controls, raising a suspicion
of sample contamination, sample handling error, or the presence
of confounding (and undiagnosed) clinical conditions in these
patients with which to account for these results. Thus, additional
analyses were performed with these patients excluded. Among
the remaining cohort, a 4.8-fold increase in plasma aldosterone
levels was observed in the PAH group compared with controls
(5959.1 + 2817.9 vs. 1200.4 + 423.9 pg/mL, P < 0.02) (Figure 2A).

Among the entire patient cohort, we observed a trend towards
a modest, positive correlation between plasma aldosterone levels
and mPAP (r= 0.38, P = 0.07) (Figure 2B). To explore this trend
further, we next analysed the relationship between aldosterone
and cardiopulmonary haemodynamics in patients undergoing
cardiac catheterization without prior use of PAH-specific pharma-
cotherapy (treatment naive), a subpopulation of PAH patients

Table 2 Clinical profile of pulmonary arterial
hypertension patients (n = 20) at the time of cardiac
catheterization

n
WHO category
1 18
2 0
3 0
4 2
5 0
PAH aetiology
Connective tissue disease 9
Idiopathic PAH 6
Portopulmonary hypertension 2
Chronic thrombo-embolic pulmonary hypertension 2
Congenital heart disease 1

PAH, pulmonary arterial hypertension; WHO, World Health Organization.
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likely to demonstrate severe pulmonary hypertension associated
with decreased cardiac output. We observed that compared
with patients prescribed PAH-specific pharmacotherapy at the
time of cardiac catheterization (n= 14), PVR was significantly
greater among treatment-naive PAH patients (n = 6) (6.1 + 3.1
vs. 10.6 + 4.0 Wood units, P < 0.04), confirming our hypothesis
that PAH treatment-naive patients represented a segment of the
cohort with more advanced pulmonary vascular disease.

Among controls and treatment-naive PAH patients, a positive
correlation between plasma aldosterone levels and PVR (r=
0.71, P < 0.02) (Figure 3A) and between aldosterone and transpul-
monary gradient (calculated by the difference between mPAP and

Table 3 The haemodynamic profile of the patient
cohort assessed by right heart catheterization

Measure Control (SD) PAH (SD) P-value
HR (b.p.m.) 69.2 (23.6) 776 (16.9) 0.36
MAP (mmHg) 96.8 (8.3) 96.2 (15.3) 0.93
RAP (mmHg) 8.0 (4.2) 12.7 (7.7) 0.2
PASP (mmHg) 309 (5.1) 69.5 (15.5) <0.0001
PADP (mmHg) 13.8 (7.1) 295 (94) <0.002
mPAP (mmHg) 214 (5.0) 45.5 (10.4) <0.0001
PCWP 12.4 (6.0) 12.8 (6.2) 0.91
CO (L/min) 6.4 (0.8) 1(1.5) 0.09
CI (Umin/m?) 34 (04) 7 (0.6) 0.06
PVR (Wood units) 141 (0.6) 3(3.8) <0.003
SVR (dyn/s/cm®) 11239 (196.1) 14393 (570 9) 0.24

Cl, cardiac index; CO, cardiac output; HR, heart rate; MAP, mean arterial pressure;
mPAP, mean pulmonary arterial pressure; PADP, pulmonary artery diastolic
pressure; PAH, pulmonary arterial hypertension; PASP, pulmonary artery systolic
pressure; PCWP, mean pulmonary capillary wedge pressure; PVR, pulmonary
vascular resistance; RAP, right atrial pressure; SVR, systemic vascular resistance.

PCWP) was observed (r=0.68, P < 0.02) (Figure 3B). Further-
more, no significant differences were observed between controls
and PAH treatment-naive patients with respect to PCWP
or LVEF, and aldosterone levels did not correlate with either of
these indices. Despite these findings suggesting no effect of
PCWP or LVEF on plasma aldosterone levels, however, we
observed a strong, inverse correlation between plasma aldoster-
one levels and cardiac output (r = —0.79, P < 0.005) (Figure 4A).
The interrelatedness of cardiac output and PVR as a function of
plasma aldosterone levels is illustrated in Figure 4B. Collectively,
these data implicate diminished cardiac output due to pulmonary
vascular disease, RV failure, or both as potential mechanism(s)
by which to account for hyperaldosteronism in PAH.

Discussion

Under physiological conditions, aldosterone is synthesized by zona
glomerulosa cells in the adrenal gland to maintain intravascular
sodium, potassium, and water homeostasis.” In turn, pathophysio-
logical concentrations of circulating aldosterone levels may be
observed in the presence of hormone-producing tumours
(i.e. primary hyperaldosteronism) or due to diminished cardiac
output that up-regulates the renin—angiotensin—aldosterone sig-
nalling pathway (i.e. secondary hyperaldosteronism). Hyperaldos-
teronism inappropriate relative to dietary sodium intake has
been reported previously in association with selected cardiovascu-
lar diseases, including in patients with hypertension due to an
adrenal adenoma®”’ (i.e. renin-independent hyperaldosteronism),
or congestive heart failure due to impaired LV systolic/diastolic

function'®"

(i.e. renin-dependent hyperaldosteronism), in which
plasma aldosterone levels may be increased by ~60-fold com-
pared with normal’® Likewise, the adverse consequences of
hyperaldosteronism on clinical outcome are well established:
plasma aldosterone levels associate positively with mortality in
patients presenting with acute ST-segment elevation myocardial

infarction,’? whereas prospective, placebo-controlled, randomized

Figure 2 Elevated levels of aldosterone (ALDO) in pulmonary arterial hypertension (PAH) are associated with increased mean pulmonary
arterial pressure (mPAP). (A) Plasma samples acquired from the pulmonary artery or pulmonary capillary wedge position during right heart
catheterization were analysed for levels of aldosterone by enzyme immunoassay. (B) The relationship between plasma aldosterone levels

and mPAP among controls (n = 5) and patients with PAH (nh = 18).
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Figure 3 Aldosterone (ALDO) levels correlate positively with haemodynamic measures indicative of pulmonary vascular remodelling in pul-
monary arterial hypertension (PAH). The relationship between plasma aldosterone levels and (A) pulmonary vascular resistance (PVR) and (B)
transpulmonary gradient is illustrated for PAH-specific therapy-naive patients (n = 6) and controls (n = 5). WU, Wood units.

Figure 4 Aldosterone levels are inversely associated with cardiac output (CO) in pulmonary arterial hypertension (PAH). (A) The relation-
ship between plasma aldosterone (ALDO) levels and CO is illustrated for pulmonary arterial hypertension (PAH)-specific therapy-naive
patients (n = 6) and controls (N = 5). (B) A three-dimensional matrix surface plot demonstrates the interrelatedness of CO (x-axis) and pul-
monary vascular resistance (PVR) (y-axis) as a function of plasma aldosterone levels (z-axis) for the PAH-specific therapy-naive controls and

PAH patients. Graded changes in surface colour represent incremental increases in PVR.

clinical trials have demonstrated that in the setting of LV systolic
dysfunction, pharmacological inhibition of the mineralocorticoid
receptor with eplerenone or spironolactone offers a significant
survival benefit in patients with mild or severe congestive heart
failure, respectively.4‘13 As a result of these studies, mineralocortic-
oid receptor antagonists were given a Class IA recommendation by
the European Society of Cardiology (ESC) for use in heart failure
patients with New York Heart Association (NYHA) functional
class Il or IV and LVEF <35%." Furthermore, the Aldosterone re-
ceptor blockade in Diastolic Heart Failure (Aldo-DHF)" trial and
Treatment of Preserved Cardiac Function Heart Failure With an
Aldosterone Antagonist Trial (TOPCAT) (NCT00094302, clinical-
trials.gov) are ongoing randomized, placebo-controlled clinical
trials designed to assess the clinical efficacy of spironolactone in

patients with symptomatic heart failure with preserved LVEF.
Indeed, early results reported from the Aldo-DHF study suggest
that independent of blood pressure-lowering effects, spironolac-
tone attenuates LV remodelling and improves echocardiographi-
cally assessed measures of LV diastology in this patient
population.'®

In the current study, we performed a single-institution retro-
spective patient cohort analysis to demonstrate that plasma
levels of aldosterone are markedly elevated in the pulmonary
arteriole circulation in patients with PAH compared with controls.
Our findings further indicate an inverse association between
hyperaldosteronism and diminished cardiac output in PAH that
was not a consequence of LV systolic dysfunction or negative
remodelling of the left heart. These observations are in agreement
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with recently published data demonstrating increased levels of
angiotensin Il in the peripheral venous circulation in patients with
idiopathic PAH;"” however, investigations assessing the relationship
between aldosterone and PAH per se are limited to case reports'®
and other studies in which patient haemodynamic data were not
systematically reported.’® Thus, in these earlier studies, the possi-
bility that pulmonary hypertension was due to cardiovascular dis-
eases other than PAH could not be excluded. In the current
study, PAH was confirmed in patients by haemodynamic assess-
ment, and, in most cases, the presence of a clinical entity known
to be associated with the development of PAH.

Our findings that demonstrate a positive correlation between
plasma aldosterone levels and PVR and transpulmonary gradient
provide evidence to support a novel link between aldosterone
and pulmonary vascular dysfunction in patients with PAH. We
also observed that aldosterone levels were inversely correlated
with cardiac output in the absence of left heart failure. Taken to-
gether, these data support previous observations in various large
animal models demonstrating that mechanical restriction to RV
cardiac output (e.g. pulmonary artery band ligation) results in
renin-dependent secondary hyperaldosteronism*® and supports
our assertion that hyperaldosteronism is an unrecognized patho-
physiological sequelae of pulmonary circulatory—RV axis dysfunc-
tion in patients with pulmonary vascular disease.

Nevertheless, alternative mechanisms by which to account for
hyperaldosteronism in this patient cohort cannot be fully excluded.
For example, in our study, some patients with PAH also had ob-
structive sleep apnoea,” systemic hypertension,” and atrial fibril-
lation,”®> which have been linked previously to clinically evident
hyperaldosteronism in the absence of significantly decreased
cardiac output. Additionally, differences in patients’ relative salt
balance and/or circadian factors that regulate adrenal aldosterone
synthesis, which could influence plasma aldosterone levels, were
not explicitly measured in this study.”**

In patients with impaired LV systolic function and moderate to
severe congestive heart failure, aldosterone is a bona fide treatment
target to improve quality of life and decrease mortality.”>*® The
contribution of aldosterone to the clinical expression of pulmon-
ary vascular disease in the setting of normal LV systolic function,
however, is unknown. We have demonstrated recently that in
inflammatory and angioproliferative experimental rodent models
of PAH, increases in plasma aldosterone levels akin to those
observed in PAH patients in the current study were sufficient to
promote perivascular fibrosis of distal pulmonary arterioles,
pulmonary vascular dysfunction, and pulmonary hypertension
that was associated with RV remodelling and decreased cardiac
output’  Moreover, renin-dependent hyperaldosteronism s
observed in patients with normal LV systolic function and decreased
cardiac output due to constrictive pericarditis,”’ heart failure due to
right-sided congenital heart disease,”® and cor pulmonale due to
primary lung disease.”” In these and other similar clinical scenarios,
including PAH, the functional consequences of hyperaldosteronism
to disease pathophysiology in patients is unresolved. Nevertheless,
our current findings support these prior observations and suggest
that in humans with PAH, RV dysfunction vis-a-vis pulmonary
vascular remodelling is an important pathophysiological mechanism
promoting hyperaldosteronism. Importantly, our findings do not

establish a direct cause and effect relationship between hyperaldos-
teronism and PAH, or a temporal pattern by which aldosterone
levels are increased in this disease. Thus, results from this study
do not elucidate further whether hyperaldosteronism promotes
PAH disease progression or occurs as a secondary consequence
of congestive right heart failure.

Important limitations to the current pilot study include low
patient enrolment and the absence of a healthy control population.
The former may be explained, in part, by the low prevalence of
PAH in the general population.® In terms of the latter, important
ethical considerations prohibit recruitment of individuals for inva-
sive cardiac haemodynamic assessment in the absence of a clinical
indication. Nevertheless, in this study, low patient enrolment may
have contributed to a wide distribution of plasma aldosterone
values in patients with PAH, thereby potentially introducing bias
to our results. Moreover, data from laboratory and imaging tests
that are necessary to diagnose primary hyperaldosteronism in
our patients were unavailable. Thus, we are unable to establish
definitively that patients in this study were free from competing
causes of hyperaldosteronism independent of cardiovascular and/
or pulmonary vascular disease.

As an additional limitation, we did not measure plasma levels of
angiotensin Il or endothelin-1, both of which are stimulators of
adrenal aldosterone synthesis®>° and are linked to pulmonary
hypertension and RV heart failure.*"*> Thus, the precise biological
mechanism resulting in hyperaldosteronism in the study cohort
was not defined.

Collectively, our findings demonstrate a novel cardiopulmonary
haemodynamic profile associated with hyperaldosteronism in
patients: diminished cardiac output due to pulmonary vascular
disease in the absence of LV dysfunction. Additional clinical
studies are needed to define further the consequences of aldoster-
one to PAH pathophysiology and to assess the extent by which
aldosterone modulates PAH progression and/or clinical outcome
in patients afflicted with this and other clinical syndromes of
pulmonary vascular dysfunction and right heart failure.
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