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Editorial on the Research Topic

Diagnosis and Treatment of Primary Aldosteronism: from Clinical Origin to Translational Research

Primary aldosteronism (PA) is one of the common causes of secondary hypertension, increasing the
risk of cardiovascular disease and renal events as compared to essential hypertension, independently
of blood pressure control (1–3).

Primary aldosteronism (PA) is one of the common causes of secondary hypertension, and is
associated with higher risks of cardiovascular, renal, and metabolic sequelae, including left
ventricular hypertrophy, myocardial infarction, atrial fibrillation, stroke, microalbuminuria,
osteoporosis, as well as metabolic syndrome (1, 4–7).

The present Research Topic highlights the interplay between clinical diagnosis, underlying
genetic etiologies, and clinical outcome PA. Overall, it focuses on the histopathologic findings, gene
mutation, the coexistence of cortisol, cosecretion, and targeted treatments of PA.

Nanba et al. provide a template for researchers to study aldosterone-producing adrenal using
formalin-fixed paraffin-material embedded sections for DNA capture, sequencing, and
mutation determination.

Although cortisol cosecretion in aldosterone-producing adenoma (APA) has been reported (8),
the clinical relevance of such APA coexisting with cortisol-producing adenoma has not been
illustrated (8). Inoue et al. summarize the current state of knowledge about cortisol cosecretion with
PA. They conclude, there is increasing evidence about the relatively high prevalence of cortisol
cosecretion in PA and its potential influence on adverse health outcomes.

Adrenal venous sampling (AVS) is the test of choice to identify patients with a surgically curable
subtype of PA (9). Okamoto et al. assess 1586 PA patients without apparent adrenal tumors in the
multicenter study and conclude adrenal venous sampling should be considered for male
hypokalemic PA patients with high ARRs because of the rates of the lateralized subtype and
cardiovascular events are high in these patients.

The major advance of understanding PA pathophysiology is the identification of several somatic
driver mutations in ion channels and ATPases in lateralized aldosterone-producing adenoma (APA)
(10). Utilizing the immunohistochemical (IHC) detection of aldosterone synthase (CYP11B2) has
allowed the identification of aldosterone-producing cell clusters (APCCs) with unique focal
localization positive for CYP11B2 expression in the subcapsular portion of the human adult
adrenal cortex. Pauzi and Azizan reviewed APCCs associated aldosterone-stimulating somatic gene
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mutations (recently replaced by aldosterone-producing
micronodules) and their accumulation during the aging process,
raising the possibility that APCCs may play a role in the
development of PA and age-related hypertension.

Recent studies indicate that somatic mutations of the
potassium channel KCNJ5 gene could be identified in 34 to
73% of APAs (11). Wang H. et al. find that gender, duration of
hypertension, and the highest systolic blood pressure were
independent predictors for the postoperative cure of APA
identified based on HISTALDO histopathologic groups.

Lu et al. demonstrated that NP-59 adrenal scintigraphy could
predict KCNJ5 mutations in PA patients by two semiqualitative
parameters [adrenal to liver ratio (ALR) and lesion to the
contralateral ratio of bilateral adrenal glands (CON)] and
provided more information in an individualized treatment plan.

In regarding possible variations in response to hormonal
stimuli, APAs with ATPase-mutations are more responsive to
ACTH than KCNJ5-mutated APAs was found in Lim et al. study.

PA patients also have a higher risk of cardiovascular diseases
and greater cardiac remodeling compared to those with essential
hypertension (7, 12). Pan et al. demonstrate extensive cardiac
remodeling in APA patients through hemodynamic and non-
hemodynamic causes. Adrenalectomy improved both
hemodynamic and non-hemodynamic components of left
ventricular remodeling, which also correlated with decreases in
blood pressure and ARR.

Zhou et al. report the severity of diastolic dysfunction
independently relates to the degree of diffuse myocardial
fibrosis in PA patients with elevated aldosterone level.

The excess aldosterone causes atrial structural and electrical
remodeling, which induce atrial fibrillation genesis, and PA was
associated with a higher incidence of new-onset atrial fibrillation
(NOAF) that could ameliorate after adrenalectomy (13). Tsai
et al. performed a meta-analysis and showed different effects of
PA treatment on NOAF risk. The PA patients receiving MRA
treatment had a higher risk of NOAF compared to the PA
patients receiving adrenalectomy and the patients with
essential hypertension.

Chen et al. provide new insights into the relationship between
adipose tissue and aldosterone excess in patients with APA and
idiopathic hyperaldosteronism (IHA). Abdominal adiposity
indexes were similar in patients with IHA and those with
essential hypertension but were markedly lower in patients
with APA. Aldosterone-to-renin ratio (ARR) was negatively
correlated with abdominal adiposity indexes in patients with
APA but not in patients with IHA.

The endocrine-gut interaction show PA patients had fewer
short-chain fatty acids-producing genera and more
inflammation-associated genera than healthy controls.
Alteration of gut microbiota may contribute to the obesity and
diabetics status in PA, as shown by Liu et al.
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Some studies showed similar long-term cardiac effects of
surgical or medical treatment in PA patients (14). However,
other studies showed a lower incidence of adverse cardiovascular
outcomes in PA patients treated by adrenalectomy (15). Huang
et al. show superior performance of surgical treatment over
medical treatment for patients with lateralized PA on both
composite and individual clinical cardiovascular outcomes in
this meta-analysis. An interesting study presented by Tezuka and
Turcu on targeted treatment, they identified that lower baseline
serum potassium, lower mineralocorticoid receptor antagonist
(MRA) doses, and beta-blocker use was independently associated
with lower odds of achieving target renin in PA. Their findings
suggest that renin targets, when PRA was <1.0 ng/mL/h and
DRC was <8.0 pg/mL, are followed in very few and are achieved
in under half of such PA patients seen in an academic setting,
with possibly even lower rates in community practices.

In the future, Wang C. et al. conclude international
collaboration on the clinical and molecular mechanism of PA
will be important to improve the investigation and therapy of
patients with PA.

Highlighting the novel insights into the possible mechanism
and outcome of PA, all the studies in this special issue fill some
gaps of knowledge and give future challenges for research in
this field.
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Primary aldosteronism (PA) is one of the most frequent curable forms of secondary
hypertension. It can be caused by the overproduction of aldosterone in one or both
adrenal glands. The most common subtypes of PA are unilateral aldosterone over-
production due to aldosterone-producing adenomas (APA) or bilateral aldosterone over-
production due to bilateral hyperaldosteronism (BHA). Utilizing the immunohistochemical
(IHC) detection of aldosterone synthase (CYP11B2) has allowed the identification of
aldosterone-producing cell clusters (APCCs) with unique focal localization positive for
CYP11B2 expression in the subcapsular portion of the human adult adrenal cortex. The
presence of CYP11B2 supports that synthesis of aldosterone can occur in these cell
clusters and therefore might contribute to hyperaldosteronism. However, the significance
of the steroidogenic properties of APCCs especially in regards to PA remains unclear.
Herein, we review the available evidence on the presence of APCCs in normal adrenals
and adrenal tissues adjacent to APAs, their aldosterone-stimulating somatic gene
mutations, and their accumulation during the ageing process; raising the possibility that
APCCs may play a role in the development of PA and age-related hypertension.

Keywords: primary aldosteronism, aldosterone, adrenal, aldosterone-producing cell clusters, hypertension
INTRODUCTION

Arterial hypertension is a worldwide health problem that affects approximately 1.13 billion of the
global population (1) and is estimated to cause 7.5 million deaths or approximately 12.8% of the total
all deaths (2). Inmore than 90% of patients, there is not a single cause for arterial hypertension, known
as essential or primary hypertension (3). However, in certain cases, hypertension may emerge from a
specific disease and therefore known as secondary hypertension, which includes endocrine
hypertension that develops following a dysregulation of one or more hormones that are implicated
in blood pressure regulation (4). Primary aldosteronism (PA), also known as Conn’s syndrome, is one
of the most frequent curable forms of secondary/endocrine hypertension (5). This syndrome accounts
for 7–10% of all referred hypertensive patients (6–8), 4% in primary care (9), and 15–20% of patients
with resistant hypertension (10, 11). PA is caused by the autonomous aldosterone production in one
n.org March 2021 | Volume 12 | Article 63184818
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or both adrenal glands, in which patients with PA are clinically
associated with high levels of aldosterone despite being under
suppressed renin conditions (12).

Under physiological conditions, the two primary systems that
regulate aldosterone production are the renin-angiotensin-
aldosterone system (RAAS) and the hypothalamic-pituitary-
adrenal axis, in addition to blood potassium levels (13, 14).
However, in PA, excess aldosterone independent of the RAAS
acts on the distal tubule and medullary collecting duct to increase
sodium reabsorption as well as potassium excretion (13). Water
reabsorption follows salt, causing volume expansion that
develops into hypertension and in some cases hypokalemic
metabolic alkalosis (14). Hence, clinical presentation for
hypokalemia, though not specific for PA, may also present as
cramping and muscle weakness, palpitations, polydipsia, and
polyuria among others (13). Furthermore, chronic inappropriate
elevations of aldosterone levels in PA patients can increase pro-
inflammatory cytokines (15), causing oxidative stress (16), which
in the long-term leads to tissue damage and fibrosis (17).
Compared to the age-, sex-, and blood pressure-matched
essential hypertension patients, the risk for cardiovascular
complications is significantly higher in PA patients (18, 19).
This suggests the impact of autonomous aldosterone production
on cardiovascular complications is beyond the increase in blood
pressure (20–22).

Due to the high prevalence of PA among hypertensive
pat ients and the increased risk for cardiovascular
complications, early diagnosis as well as targeted treatment is
of importance (12). The biochemical picture of patients with PA
comprises of high aldosterone to renin ratio which has become
one of the primary PA’s screening tools alongside different
confirmatory tests, that includes fludrocortisone suppression
test, intravenous saline infusion test, oral salt-loading test, or
captopril test, which are all to be performed after a positive
screening test (i.e. high aldosterone to renin ratio) (13, 18). The
current guidelines recommend that when aldosterone is
overproduced unilaterally, as detected by adrenal vein
sampling (AVS), or in some exceptions when CT-scan detects
a unilateral adenoma in a young hypokalemic PA patient (<35
years old), unilateral adrenalectomy is the treatment of choice.
Conversely, mineralocorticoid receptor antagonists are utilized
when AVS implies bilateral hyperaldosteronism or when the
patient is not suitable for surgery (18). As identifying the most
suitable therapy for PA is heavily influenced by the laterality of
aldosterone overproduction, AVS, the gold standard to
determine unilateralization (13), should be used where possible.

The majority of unilateral PA is due to an aldosterone-
producing adenoma (APA), whereas bilateral PA, also known
as bilateral hyperaldosteronism (BHA), are mostly due to adrenal
zona glomerulosa hyperplasia or bilateral micronodular
hyperplasia (23, 24). Bilateral PA can be further categorized
into CT-negative idiopathic hyperaldosteronism (IHA) and
rarely CT-positive bilateral APA (25–27). Approximately, APA
and BHA account for 35%–40% and 60% of PA cases,
respectively (28). In addition, there are less common subtypes
of PA that include adrenal carcinoma, rare familial subtypes, and
Frontiers in Endocrinology | www.frontiersin.org 29
unilateral adrenal hyperplasia (29). It is postulated that bilateral
PA could be caused by the accumulation of aldosterone-
producing cell clusters (APCCs) (23), i.e. clusters of cells
autonomously expressing aldosterone synthase (CYP11B2).
Interestingly, these APCCs are not only found in the cells
adjacent to an APA of which excised tissue is available (24,
30–33) but also in normal adrenal glands (30, 34, 35), with the
prevalence seeming to increase with age (34–36). Hence, it is of
importance to understand whether these clusters could
contribute to the state of hyperaldosteronism or affect the
increased prevalence of hypertension occurring with age.
CHARACTERISTICS OF ALDOSTERONE-
PRODUCING CELL CLUSTERS (APCCs)

Physiologically, aldosterone synthesis occurs in the most outer
zone of the adrenal, the zona glomerulosa (ZG) (23). This is
because the cells in this zone can express CYP11B2, the enzyme
aldosterone synthase, which is essential for the final steps of
aldosterone synthesis. The synthesis of aldosterone is primarily
stimulated by the activation of intracellular calcium signaling in
the ZG that can be mediated either by angiotensin II from the
renin-angiotensin system or by extracellular potassium levels.
Similar to aldosterone, adrenal cortisol steroid production
physiologically occurs in distinct zones of the adrenal cortex,
the zona fasciculata (ZF), due to the expression of 11b-
hydroxylase (CYP11B1), the enzyme responsible for the final
reaction in cortisol production. The synthesis of cortisol is
primarily regulated by the hypothalamus-pituitary-adrenal axis
mainly through the adrenocorticotropic hormone (ACTH) (4).
Hence, in conventional adrenal zonation, CYP11B2 is only
expressed in the ZG but not in ZF, whereas CYP11B1 is
expressed in the ZF but not in the ZG (30, 37–40). However,
immunohistochemical characterization of the adrenal gland by
Nishimoto et al. (30) has led to the novel discovery of
microscopic clusters of subcapsular adrenal cells that express
CYP11B2 that extends from the ZG into the ZF which have been
termed as APCCs. However, as the term “cell cluster” in APCCs
does not describe the histology and pathology of the feature a
recent consensus on histopathology of PA adrenals recommends
the usage of the term “aldosterone-producing micronodule”
instead of APCCs (41).

Nevertheless, whether termed APCCs or aldosterone-
producing micronodule, the definition of this feature varies
between research groups and a clear description that can
distinguish this unique structure from APA and adjacent
normal ZG cells has yet to be established. The size of APCCs
has been reported to be smaller, approximately 0.2–1.5 mm in
length, than APAs that are typically more than 3 mm in length
(30, 36, 42). Further, APCCs have been characterized as having
non-adenomatous features unlike that seen frequently with APA,
e.g. not having a fibrous capsule or having cellular/tissue atypia
(12). APCCs have also been described to be composed of
morphological ZG cells in contact with the capsule and inner
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columnar ZF like cells forming cords along sinusoids (30). The
current common definition for APCCs is to have positive
CYP11B2 expression in a unique focal localization (30). As the
morphology of APCC cells appears to be remarkably close to
those of non-APCCs (33, 35), they cannot be easily distinguished
from adjacent normal cortical cells by routine hematoxylin and
eosin staining (30, 36, 42). Instead, immunohistochemistry
(IHC) of CYP11B2 has been the method of choice to identify
the presence of APCCs (30, 43).

IHC analysis has shown that compared to ZF cells that are
generally negative for CYP11B2 and unrelated to aldosterone
production, ZF-like looking cells of APCCs in the ZF has high
levels of CYP11B2 and low levels of CYP11B1 or CYP17A1, both
enzymes being involved in cortisol production (33, 35, 37, 38).
However, according to Lim & Rainey (44), APCCs may manifest
various patterns of enzyme expression with some exhibiting
homogeneous expression of CYP11B2 while others exhibit
polarity with a declining expression of CYP11B2 aligned with
the development of CYP17A1 expression. This pattern of
expression indicates that some APCCs cells may go through a
transition to a more ZF-like phenotype, at least partially (44),
thus making CYP11B1 and CYP17A1 IHC useful to characterize
APCCs (33, 35). Another published method to detect APCCs is
in situ hybridization of CYP11B2. Utilizing this method,
Boulkroun et al. (45) distinguished three CYP11B2-expressing
structures beneath the adrenal capsule that were termed as foci,
megafoci and APCCs based on the size of cell clusters and their
relative expression of a glomerulosa marker, Disable-2 (DAB2).
In this study, APCCs were described as large clusters of
CYP11B2 cells that did not express DAB2 indicating that
APCCs contain cells presenting with an intermediate
phenotype between ZG and ZF cells (45). However, on the
transcriptomic level, Omata et al. (12) reported APCCs to be
more similar to the adrenal ZG transcriptome than ZF or zona
reticularis transcriptomes.
PHYSIOLOGICAL AND PATHOLOGICAL
ASPECTS OF APCCs

APCCs are now accepted as a common feature in adrenal tissues
adjacent to an APA (24, 30–33). Analysis of the adrenal glands of
PA patients demonstrated that 40% to 50% of adrenals with
APAs contained APCCs in the non-tumor portions of APA (30,
31). Interestingly, in Kometani et al. (32) study that found a 94%
prevalence of APCCs in 16 adrenal tissue adjacent to the
APA; the number and summed-area of APCCs in APAs
were significantly higher in patients with discordant AVS
results whose diagnosis changed to bilateral PA post-
adrenocorticotropic hormone (ACTH) stimulation. The
authors therefore proposed that APA patients with multiple
APCCs might have similar adrenocortical pathological
conditions in the contralateral adrenal gland. This assumption
would explain their finding that in the pre-ACTH group having
multiple APCCs, the post- to pre-ACTH plasma aldosterone
concentrations (PACs) ratio was markedly higher on the non-
Frontiers in Endocrinology | www.frontiersin.org 310
dominant than the dominant side. Although the aldosterone
responsiveness of APCCs towards ACTH has not been
thoroughly described, it is conceivable that ACTH stimulation
triggers the synthesis of aldosterone by APCCs in the
contralateral adrenal gland, resulting in a decreased
lateralization index (32). As RAAS is systemically suppressed
in PA patients, these findings indicate that APCCs might play a
role in autonomous aldosterone production (12). Concurringly,
APCCs were also reported to be increased in adrenals of
unilateral CT-negative PA compared to normotensive adrenals,
implying that the elevated number of adrenal CYP11B2-
expressing nodules might be the cause of hyperaldosteronism
in these patients (33). Moreover, in one study that investigated
the presence of APCCs in adrenals from IHA PA patients, all
IHA adrenals were found to have at least one APCC or a
microAPA (24). The number of APCCs in IHA adrenals were
markedly larger compared to the cohorts of age-matched
normotensive adrenals (24). Thus, these cell clusters could be
the cause of hyperaldosteronism in these patients. This was
proved to be the case in four patients with unilateral APCCs
(aldosterone-producing micronodules not more than 3 mm in
greatest dimension) whereby unilateral adrenalectomy resulted
in a complete amelioration of blood pressure and hormonal
abnormalities (46). Due to the small sizes of APCCs, patients
with this feature may often be misdiagnosed as IHA as standard
imaging test may not identify tiny anomalies of adrenals. Thus
AVS, or if possible segmental selective AVS, should be used as
part of the diagnostic procedure (47).

On the other hand, APCCs have not only been found in
pathological adrenal tissues but also in normal adrenals where no
tumors were present (30, 34, 35). In situ hybridization studies
have found that APCCs in normal adrenals have a very similar
profile to APCCs found in adrenal tissue adjacent to an APA (48,
49). In a study of nine Japanese patients with renal cell carcinoma
(RCC) or upper urinary tract urothelial carcinoma (n=1), the
presence of APCCs was found in eight of nine normal adrenals
(30). Concurringly, another study from Japan on normotensive
adrenal glands procured from an autopsy cohort found that out
of 107 adrenals, 61 APCCs were detected in 31 autopsy cases
(35). Similarly, a larger study by Nanba et al. (34) that analyzed
the relationship between age and adrenal CYP11B2 expression,
reported 69% of normal adrenal glands (88/127) had at least one
APCC. Interestingly, this study also reported that although the
total CYP11B2-expressing area negatively correlated with age
(r=-0.431, P<0.0001), the total APCCs area positively correlated
with age (r=0.390, P<0.0001) (34).
SIGNIFICANCE OF APCCs TO AGE-
RELATED HYPERTENSION

Owing to the fact that APCCs are frequently seen in non-
hypertensive as well as pathological human adrenal glands
expressing CYP11B2, several studies have investigated if these
so-called APCCs detected through CYP11B2 expression could
produce aldosterone. By utilizing in situ hybridization method,
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Shigematsu et al. (49) reported the presence of APCC-like
subcapsular micronodules, showing intense transcript
expression for HSD3B2, CYP11B1, and CYP11B2, but not
CYP17A1, implying that the nodules have the steroidogenic
enzymatic property needed to synthesize aldosterone and thus
might be responsible for hyperaldosteronism. This was
supported by Sugiura et al. (50) study of PA adrenal sections
using Fourier transform ion cyclotron resonance mass
spectrometry (FT-ICR-MS) and tandem mass spectrometry
imaging that demonstrated high levels of aldosterone and 18-
oxocortisol, a potential serum marker of APA, in APCCs.
Similarly, a recent study using tandem mass spectrometry
imaging verified Suguira et al’s findings in normal adrenals as
elevated levels of aldosterone and 18-oxocortisol were found in
APCC’s relative to the adjacent adrenal tissue in an adrenal
obtained from a patient that had undergone radical nephrectomy
for renal cell carcinoma (51). These studies support the
steroidogenic activity of APCCs in producing aldosterone in
normal adrenals as well as under suppressed renin conditions, as
shown in PA patients’ adrenals (44). Accordingly, APCCs has
been proposed to be the transitioning step to APAs (50).

Based on aldosterone studies from their groups and others,
Sugiura et al. (50) suggested that with ageing, APCCs accumulate
aldosterone-driver mutations causing autonomous aldosterone
production that can lead to APCC-to-APA translational lesions
(pAATL). This is as with age, there is a loss of the classical
subcapsular CYP11B2-positive ZG due to the effects of trophic
hormones that lead to the decline in total aldosterone
production. Thus within this background of decreased ZG
CYP11B2 expression, the number of CYP11B2-positive APCCs
grows (34, 44). Finally, the expansion of the mutation bearing
APCCs leads to the generation of an aldosterone-producing
adrenal lesion. The age-related progressive pattern of APCCs
has been validated by several studies that showed the number of
adrenal APCCs increased with ageing in normal adrenals from
kidney donors (34) and non-hypertensive Japanese cohorts (33),
signifying the contribution of APCCs in the early stages of PA in
ageing adults. Altogether, the findings of APCCs in normal
adrenals and the adrenal glands of PA patients with APAs, as
well as their accumulation during the ageing process, has brought
up the possibility that APCCs might play a role in the
development of APAs and therefore is a continuum of PA.
SOMATIC GENE MUTATIONS OF APCCs

Whole exome sequencing studies on APAs have defined
recurrent somatic mutations in genes coding for ion channels
(KCNJ5, CACNA1H, and CACNA1D) and ATPases (ATP1A1
and ATP2B3) that either caused cytosolic acidification (for
ATP1A1) or activated intracellular calcium signaling by
depolarization of ZG cell membrane that opens the voltage-
gated calcium channels or by affecting the intracellular calcium
recycling (4, 52–56). This ultimately results in an increase of
CYP11B2 expression that leads to aldosterone overproduction.
The promising discovery of recurrent somatic mutations in
Frontiers in Endocrinology | www.frontiersin.org 411
APAs through the application of next-generation sequencing
(52–55) has driven several studies to utilize this platform to
determine the prevalence of aldosterone-driving somatic
mutations in APCCs. From a cohort of 42 normal adrenals
among kidney donors, 8 of 23 APCCs (35%) were found to
harbor known APA-associated driver mutations, predominantly
in CACNA1D (26%) followed by ATP1A1 (9%) (43). However,
this study did not find any APCCs to harbor the KCNJ5
mutations, the most common mutations found in APAs (43).
Similarly, in another study that performed next-generation
sequencing analysis on CYP11B2-expressing nodules from the
adrenals of PA patients that were CT-negative for adenomas,
APCC-like micronodules were found to pre-dominantly harbor
CACNAID somatic mutations (33).

Compared to KCNJ5 mutant APAs that have been described
as more prevalent in young women with higher levels of plasma
aldosterone and larger ZF-like APAs (12, 57–60), CACNA1D
mutations are associated with smaller ZG-like APAs in older
men that are more difficult to be diagnosis (43, 53, 60).
CACNA1D encodes for the voltage-dependent L-type (long-
lasting) calcium channel subunit alpha-1D (the Cav1.3 calcium
channel) (52, 53). This calcium channel is composed of 4
homologous repeated domains with 6 transmembrane
segments (S1-S6) each and a membrane-associated loop
between S5 and S6 (52, 53, 61). Mutations occurring in
CACNA1D are gain of function mutations that lead to a shift
of the voltage-dependent channel activation to more negative
voltages or delay the inactivation of the channel. The resulting
net effect is increased intracellular calcium concentrations and
thereby induction of excessive aldosterone synthesis (52, 53).
Hence, the high prevalence of APCCs with CACNA1Dmutations
suggests that an intracellular increase of calcium is causal for the
high CYP11B2 expression in APCCs (62).

A study on 107 adrenal glands of normotensive Japanese
patients from an 837 consecutive autopsy cohort was conducted
to test the hypothesis that hyperaldosteronism in the group of
CT-negative PA patients was induced by the elevated number
of adrenal CYP11B2-expressing nodules (33, 35). The study in
adrenals from non-hypertensive Japanese patients demonstrated
that APCCs were common with 34% harboring known
aldosterone-driver somatic mutations, CACNA1D being the
most frequent mutations while there being no detections of
KCNJ5 mutant APCCs (35). The mutations were found to be
present in both the ZG and ZF-like components of APCCs and
absent in neighboring cells negative for CYP11B2 (35). The
similarity of APCCs somatic mutation spectrum observed in
this normotensive cohort to that found in PA patients that had
adrenals that were CT-negative for adenomas implied that
normal adrenal glands may progress to PA through an
increase in the APCCs frequency (12). Concurringly, a study
on the IHA subtype of PA found that in 15 IHA adrenals, 99
APCCs were detected of which 58% had a CACNA1D mutation
thus supporting the notion that PA in IHA may result from the
accumulation or enlargement of CT-undetectable APCCs
harboring APA-associated somatic mutations that increases
aldosterone production (24).
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The high presence of aldosterone-driver mutations in APCCs,
especially in CACNA1D and ATP1A1 (as shown in Table 1),
supports the suggestion that APCCs are capable of autonomous
aldosterone production and therefore could be the origin of
APAs. Nishimoto et al. (42, 43) proposed that the series of events
contributing to emergence of APAs from APCCs arises through
the formation of possible APCC-to-APA transitional lesions
Frontiers in Endocrinology | www.frontiersin.org 512
(pAATLs) that has been characterized to consist of an outer
APCC-like portion and an inner micro-APA (mAPA)-like
portion (42). Interestingly, in one pAATL, the same ATP1A1
mutation has been found in the APCC-like portion and the
mAPA-like portion of the pAATL, indicating that these portions
have a clonal origin (42). However, the genetic characteristic of
pAATL is heterogeneous. In one adrenal gland, Nishimoto et al.
(42) found the mAPA-like portions of pAATLs examined
harbored KCNJ5 mutations whereas their corresponding
APCC-like portions did not, with the mutation being different
from that identified in the APA within the same adrenal. This
indicates that the APA and the pAATL had different origins and
that the mAPA-like portion arises from existing APCCs due to
the introduction of a KCNJ5 mutation that differentiated the
mAPA portion from the APCC. The lack of detection of KCNJ5
mutation in the APCC-like portion could be due to a rapid
progression to APA, therefore hard to be witnessed prior to its
development (43, 63). However, some authors postulate that
KCNJ5 mutation could rather be a second hit mutation (than a
causal mutation of pAATL), as only pAATL nodules larger than
3 mm have been reported to harbor KCNJ5mutations (63). Thus,
these observational findings require further functional analysis to
better elucidate the genomic events involved in the transition of
APCCs to APA.
CONCLUSIONS

In conclusion, several studies have found the presence of
aldosterone-driving somatic gene mutations, similar to those
found in APAs, among APCCs which supports the autonomous
secretion of aldosterone by these clusters of cells and its role in
the pathology of PA. The high frequency of CACNA1D and
ATP1A1mutations, but not KCNJ5mutations in APCCs, suggest
that these cells could be a potential precursor for ZG-like APAs
rather than ZF-like APAs. Further, there is supporting evidence
to suggest that accumulation of APCCs with age might
contribute to the increased prevalence of hypertension
occurring with age. More studies on APCCs are necessary to
clarify the pathological mechanisms (and perhaps physiological
as also found in “normal” adrenals) in regulating aldosterone
production in these clusters of cells. As technology develops,
whole-genome sequencing may be the important step forward to
reveal novel gene mutations that lead to the development of
aldosterone-driving somatic mutation. Identifications of
germline variants may help to elucidate the potential
mechanisms and pathways that lead to accumulation of
aldosterone-driving somatic mutations and thus may
consequently provide novel personalized treatment for age-
related hypertension.
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The hypothalamus-pituitary-adrenal (HPA) axis plays an important role in primary
aldosteronism. Aldosterone biosynthesis is regulated not only by angiotensin II in the
renin-angiotensin-aldosterone system, but also by adrenocorticotropic hormone (ACTH),
one of the key components of the HPA axis. Although previous studies have reported cortisol
cosecretion in primary aldosteronism, particularly aldosterone-producing adenoma (APA),
the clinical relevance of such aldosterone and cortisol cosecretion from APA and
hypertension or other metabolic disorders has not been fully established. Several somatic
mutations including KCNJ5 and CACNA1D are known to induce autonomous production of
aldosterone in APA, and the aldosterone responsiveness to ACTH may vary according to
eachmutation. The ACTH stimulation test has been reported to be a useful tool to distinguish
the subtypes of primary aldosteronism (e.g., unilateral vs bilateral) in some studies, but it has
not been commonly applied in clinical practice due to limited evidence. Given the recent
advancement of imaging, omics research, and computational approach, it is important to
summarize the most updated evidence to disentangle the potential impact of cortisol excess
in primary aldosteronism and whether the ACTH stimulation test needs to be considered
during the diagnostic process of primary aldosteronism. In this article, we conducted a
systematic review of epidemiological studies about (i) cortisol cosecretion in primary
aldosteronism and (ii) the ACTH stimulation test for the diagnosis of primary aldosteronism
(including subtype diagnosis). Then, we discussed potential biases (e.g., confounding bias,
overadjustment, information bias, selection bias, and sampling bias) in the previous studies
and introduced some advanced epidemiological/statistical methods to minimize these
limitations. A better understanding of biases and epidemiological perspective on this topic
would allow us to produce further robust evidence and balanced discussion about the
causal mechanisms involving the HPA axis and clinical usefulness of the ACTH stimulation
test among patients with primary aldosteronism.
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INTRODUCTION

Primary aldosteronism (PA) is one of the common causes of
secondary hypertension, increasing the risk of cardiovascular
disease (CVD) and renal events (1–4). Since the first report of a
patient with adrenal adenoma concurrently producing
aldosterone and cortisol (5), cortisol cosecretion in PA has
received substantial attention, particularly because it may cause
severe complications due to cortisol excess in addition to
aldosterone excess. A recent study using a mass spectrometry-
based analysis in Europe showed that cortisol cosecretion in PA
was associated with adverse metabolic risk factors (6), indicating
the role of glucocorticoid on an increased risk of metabolic
disorders among patients with PA (7–11). Moreover, while the
actual prevalence of this phenotype is not clear, some studies
have suggested a relatively high prevalence of PA with
hypercortisolism than expected (6, 10–15). Therefore, it is
imperative to understand the current state of knowledge about
cortisol cosecretion in PA, and consider whether the evaluation
of cortisol excess needs be recommended in general PA screening
or not.

Although the hypothalamus-pituitary-adrenal (HPA) axis
plays an important role in regulating aldosterone biosynthesis,
the clinical usefulness of ACTH stimulation test during the
management of PA, particularly for PA subtype diagnosis (e.g.,
aldosterone-producing adenoma [APA] vs. bilateral aldosterone
hyperplasia [BAH]), has been unclear. In general, ACTH is
known to stimulate both cortisol and aldosterone secretion
acutely and transiently through binding to melanocortin type 2
receptor (MC2R) (16). Previous studies have shown the high
performance of classifying subtype of PA based on plasma
aldosterone concentrations during ACTH stimulation test
under 1-mg dexamethasone suppression test (DST) (17, 18).
Other studies have also reported a larger decrease in aldosterone
levels following dexamethasone suppression of HPA axis among
APA than BAH (19) or among KCNJ5-mutated APAs than
KCNJ5 wild-type APAs (20), indicating the regulating role of
endogenous ACTH on aldosterone secretion among patients
with PA. Because lateralization of hyperaldosteronism is
crucial to determine the target treatment (i.e., adrenalectomy
or medication therapy) (21), there has been a great interest in the
clinical benefit of conducting ACTH stimulation test during the
PA confirmation process before AVS—a gold standard but more
invasive and challenging procedure for PA subtype diagnosis.

Over the last several decades, observational studies have played
a key role in PA research. Because exposure or treatment is not
randomized in observational studies, we always need to be careful
about confounding bias, a bias due to unmeasured common
causes of exposure and outcomes (22). This is also the case in
the “big data” analysis or machine learning-based approach
because they do not guarantee the adjustment of a sufficient set
of confounders and could rather introduce precisely wrong
conclusion due to small variance of the estimates under the
presence of bias. Moreover, both observational studies and
randomized controlled trials suffer from other sources of bias
including information bias (e.g., measurement error of hormone
levels, self-report of history of hypertension and medications) (23)
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and selection bias (e.g., loss to follow-up, selection of study sample
based on both exposure and outcome assessment) (24). Limited
generalizability due to sampling bias is another issue of previous
PA-related studies because most of the studies have been
conducted at single-center and/or specific cohorts.

This review has two goals. First, we will provide updated
summaries of epidemiological studies about cortisol cosecretion
in primary aldosteronism and the clinical usefulness of the
ACTH stimulation test to diagnose primary aldosteronism
and/or its subtypes. Then, we will explain possible biases (e.g.,
confounding bias, overadjustment, information bias, selection
bias, and sampling bias) in these epidemiological studies and
some methods to minimize such limitations in future PA-related
studies. Recognizing these biases and applying the advanced
epidemiological methods would help us to build a further
balanced and profound discussion on this topic—cortisol
cosecretion and clinical usefulness of the ACTH stimulation
test in PA.
CORTISOL COSECRETION IN PRIMARY
ALDOSTERONISM

Recently, there is increasing literature regarding cortisol cosecretion
in PA and its impact on CVD risk factors (6, 25, 26). We conducted
literature searches between January 2000 and November 2020 using
the electronic databases MEDLINE and EMBASE for cohort studies
investigating the cortisol cosecretion in primary aldosteronism. The
following search terms were applied: (“cortisol” OR “cortisolemia”
OR “Cushing”) AND (“primary aldosteronism” OR “aldosterone-
producing adenoma”). We extracted the following information: first
author name, publication year, region of study, populations,
exposures/comparators, outcomes, and study design. We
restricted studies to those with a sample size ≥10 (to avoid case
reports) and written in English. Flow of studies through review and
summary of the identified 16 studies are shown in Figure 1A and
Table 1 (6, 10–15, 27–35).

Previous studies have shown a relatively high prevalence of
subclinical Cushing’s syndrome or subclinical hypercortisolemia
among patients with PA although the definition of
hypercortisolemia differs across studies and countries (Table 1).
In 2009, Piaditis et al. reported 12.1% of patients with adrenal
incidentalomas had PA with hypercortisolemia (36). Since then,
several studies from the Asian cohort have reported a 5%–27%
prevalence of subclinical hypercortisolemia among patients with PA
or APA (11–15). A recent multicenter cohort study in Germany
showed even 77.6% of subclinical hypercortisolemia among 161
patients with PA (10). While the difference in clinical characteristics
between PA patients with and without hypercortisolemia is still not
clear (mainly due to the small sample size in each previous study)
and may vary by geographical area and definitions, most of these
studies showed larger tumor size among PA patients with
subclinical hypercortisolemia than those without.

In 2014, monoclonal antibodies against human CYP11B1 and
CYP11B2 were developed and their expression was reported in
APAs, indicating the cortisol synthesis in such adrenal tumors
(37, 38). This finding was supported by a small cohort study
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reporting a significant decrease in serum cortisol levels during 1
mg DST after the resection of APAs (29) and a large mass
spectrometry-based analysis showing higher excretion of cortisol
and total glucocorticoid metabolites in the PA group compared
with the healthy control group (6). Moreover, a previous case
series showed that the majority of APAs with subclinical
hypercortisolemia was composed mainly of ZF-like cells
(39). Given that ZF comprise larger cells that synthesize
glucocorticoids compared with ZG that synthesize aldosterone
(40), such histopathological feature may be related to the large
tumor size in APAs with subclinical hypercortisolemia, that
requires further investigation.

Recent studies also have reported health outcomes related to
autonomous cortisol secretion in APAs. The above-mentioned
mass spectrometry-based analysis also found the correlation
between glucocorticoid output and several metabolic markers
including body mass index, waist circumference, insulin
resistance, high-density lipoprotein, and diastolic blood pressure
(6). Tang et al. showed higher proportions of cardiovascular
complications, glucose intolerance/diabetes, and osteopenia/
osteoporosis among patients with APAs and cortisol producing
adenoma (CPA) than patients with pure APAs (14). Adolf et al.
scrutinized the possible impact of cortisol excess on cardiac
remodeling among PA patients (30). Across patients in the
German Conn’s registry, they found the association of total
glucocorticoid excretion with the decrease in LVMI a year after
the initiation of PA treatment (30). The association between
subclinical hypercortisolemia and impaired glucose metabolism
in patients with PA was also reported by other cohort studies (10,
11). These results support the adverse effect of glucocorticoid
excess on health through the activation of not only glucocorticoid
receptor but also mineralocorticoid receptor (MR) through the
impaired conversion of cortisol to its MR-inactive cortisone (41).
Another study using the same German registry showed significant
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increases in anti-TPO levels after adrenalectomy in unilateral PA
patients with cortisol cosecretion but the trend was not found in
unilateral PA patients without cortisol cosecretion and bilateral
PA patients receiving mineralocorticoid antagonist therapy (34).
Their findings generate the hypothesis that cortisol cosecretion
among unilateral PA may exhibit the immunosuppressive effect.
Given these findings, it would be important to evaluate the cortisol
cosecretion among PA patients in routine clinical practice. To
produce robust evidence, more research is warranted to clarify
whether the adverse health outcomes of APAs with subclinical
hypercortisolemia differ between those with and without CPA.

The possible influence of mild cortisol excess in PA on the
interpretation of AVS has been suggested in prior literature. In
general, cannulation success is evaluated by selectivity index (the
ratio of cortisol concentration for each adrenal vein and inferior
vena cava [IVC]), and the lateralization is evaluated by lateralization
index (the aldosterone to cortisol ratio on the dominant side with
excess aldosterone secretion over aldosterone to cortisol ratio on the
non-dominant side) and contralateral suppression index (the
aldosterone to cortisol ratio on the non-dominant side over
aldosterone to cortisol ratio in IVC) (21). Based on the findings
from AVS in patients with CPA, but without PA, Goupil et al,
suggested that autonomous unilateral cortisol hypersecretion could
confound the accuracy of AVS by affecting the aldosterone/cortisol
ratio in the adrenal vein (i.e., selectivity index, lateralization index,
and contralateral suppression index), leading to misdiagnosis and
suboptimal management (42). However, a recent single-center
study focusing on PA with mildly elevated cortisol levels (mean
serum cortisol levels during the 1-mg DST = 3.3 mg/dl) showed that
the rates of cannulation success or lateralization did not differ
between PA patients with mild cortisol excess and those without
cortisol excess during AVS with ACTH stimulation (blood sample
was obtained 1 h after the stimulation) (35). A multi-center cohort
study on this topic would help us to validate their findings and
A B

FIGURE 1 | Flow of studies through review for (A) cortisol cosecretion and (B) clinical usefulness of ACTH stimulation test in primary aldosteronism.
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TABLE 1 | Summary of epidemiological studies about cortisol cosecretion in primary aldosteronism (PA).
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further understand which AVS parameters are useful for the
management of PA with cortisol cosecretion.

Lastly, some studies have investigated the genetic mutation of
APA with cortisol cosecretion. A recent study based on a
Taiwanese database showed that the presence of KCNJ5
mutations was significantly lower among APA patients with
subclinical hypercortisolemia than those without (15). Their
immunohistochemistry analysis revealed the lower CYP11B1
expression among KCNJ5 mutated APAs, which generally
display a ZF-like phenotype (43). Although the underlying
mechanism is unclear, enhanced 18-oxocortisol synthesis in
KCNJ5 mutated APAs may contribute to the findings of the
lower cortisol levels in the mutated APAs than KCNJ5 wild-type
APAs. They also found that patients with subclinical
hypercortisolemia and KCNJ5 wild-type APAs exhibited the
lowest complete clinical success rate (36.8%) after
adrenalectomy (43), highlighting the importance of detecting
these phenotypes for the management of APAs (15). Genetic and
epigenetic analysis in a Japanese single-center study showed that
APA with hypercortisolemia was not associated with the
prevalence of KCNJ5 mutations but associated with lower
DNA methylation rate of the CYP11B1 promoter than APA
without hypercortisolemia (32). However, this study was based
on only 16 APAs and the causal relationship between DNA
methylation and the regulation of gene expression is still unclear.
Given that some somatic mutations, such as CTNNB1 and
PRKACA (44, 45), have also been reported in both APAs and
CPAs, future research about these mutations and cortisol
cosecretion among PA patients would be warranted.
ACTH STIMULATION TEST FOR THE
DIAGNOSIS OF PRIMARY ALDOSTERONISM

Aldosterone production from the adrenal glomerulosa is
regulated by ACTH as well as potassium, angiotensin II, and
serotonin (46). Previous biological studies showed that acute
ACTH administration increases plasma aldosterone through
binding to MC2R (47), suggesting that ACTH may play a role
in inappropriate hypersecretion of aldosterone in some PAs (16).
A previous study showed aldosterone responsiveness to even
very low dose ACTH (i.e., 0.003 IU), followed by a treadmill test
(48). Since the first report of the ACTH stimulation test for
patients with PA in 1978 (5), several epidemiological studies have
investigated whether the ACTH stimulation test is useful to
diagnose PA or its subtype. We conducted literature searches
between January 2000 and November 2020 using the electronic
databases MEDLINE and EMBASE for cohort studies
investigating the cortisol cosecretion in primary aldosteronism.
The following search terms were applied: (“ACTH” OR
“adrenocorticotropic hormone” OR “corticotropin”) AND
(“primary aldosteronism” OR “aldosterone-producing
adenoma”). We extracted the following information: first
author name, publication year, region of study, populations,
exposures/comparators, outcomes, and study design. We
restricted studies to those with a sample size ≥10 (to avoid case
reports) and written in English. Flow of studies through review
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and summary of the identified 9 studies are shown in Figure 1B
and Table 2 (17–19, 49–54).

In 1995, Stowasser et al. reported higher plasma aldosterone
response after ACTH stimulation under dexamethasone
suppression among angiotensin II responsive APA (n=16) or
angiotensin II unresponsive APA (n=11) compared with BAH
(n=19) (55). Although several studies mostly from Japan have
shown moderate to high predictive performance (area under the
curve [AUC] ranges from 0.70 to 0.95) to differentiate APA from
BAH by using ACTH stimulation test (17, 18, 49–52, 54) over the
last two decades, these findings are not comparable across studies
due to the lack of uniformity in protocols in each study (e.g.,
ACTH dosage, with or without 1 mg DST, different cut-off time
or values, etc), inconsistent definition of outcomes (e.g.,
diagnosis of APA and BAH based on AVS, histopathological
findings, etc.), and study design (sample size, single-center or
multi-center, prospective or retrospective, etc.). These limitations
have made the clinical usefulness of the ACTH stimulation test
inconclusive. For example, we previously demonstrated that the
predictive performance of the ACTH stimulation test for subtype
diagnosis of PA could vary by the definition of lateralization
during AVS with ACTH stimulation (51); i.e., whether evaluating
the ratio of aldosterone to cortisol at adrenal central veins (21) or
evaluating the absolute value of aldosterone at adrenal tributary
veins (56). Compared with the subtype diagnosis of PA, the
evidence about the definite diagnosis of PA has been very limited
and has not been consistent (49–51). As the current literature on
this topic is mostly based on small sample size and a single-center
or a specific country, further investigations with larger sample
size from multi-center cohort are needed to understand whether
the ACTH stimulation test should be routinely included during
the process of PA diagnosis and which parameters are useful to
minimize the use of AVS which is more invasive and challenging
than peripheral blood examination.

Whether ACTH stimulation is recommended during AVS for
subtype diagnosis or not is another important topic in PA
management. ACTH stimulation may maximize cortisol
secretion from the adrenal gland and minimize the pulsatile
adrenocortical hormone secretion. A recent meta-analysis
showed that AVS with ACTH stimulation did not significantly
reduce the number of incorrect lateralization but significantly
reduced the number of unsuccessful cannulations compared with
AVS without ACTH stimulation (57). However, the evidence is
still limited and under debate which is beyond the scope of this
review and can be found in prior review literature (58).

Aldosterone responsiveness to ACTH may vary by a genetic
mutation. Our group recently reported a larger decrease in
aldosterone levels during 1 mg DST among KCNJ5 mutated
APAs than KCNJ5 wild-type APAs, indicating that the ACTH
pathway may be more sensitive and activated among KCNJ5
mutated APAs (20). We also reported that aldosterone levels
were more responsive to ACTH stimulation among APAs with
somatic mutation of CACNA1D than those without the mutation
(59). APAs with these mutations are likely to consist of ZF-like
clear cells than others, and ZF cells are responsible for cortisol
secretion and express a higher level of ACTH receptor than ZG
cells (59, 60). Given that nearly 90% of APAs had somatic
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https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles


Inoue et al. Cortisol and ACTH Stimulation Test in PA

Frontiers in Endocrinology | www.frontiersin.org 620
mutations based on the CYP11B2 immunohistochemistry-
guided, full gene-based next-generation sequencing (61–63),
future multi-center studies are warranted to identify the
heterogeneous aldosterone response to synthetic ACTH by
these genetic mutations.
BIASES IN EPIDEMIOLOGICAL STUDIES
RELATED TO PRIMARY ALDOSTERONISM

Although these previous studies were well-conducted and
prismatic, they have suffered from biases that are sometimes
substantial. Herein, we describe the common types of biases
(confounding, overadjustment, information bias, selection bias,
and sampling bias) in epidemiological studies related to PA by
using directed acyclic graphs (DAGs), a graphical tool to represent
causal relationships between variables by linking them through
single-headed arrows (64). In this section, to make a simple
explanation, we assume that the exposure of interest is PA with
subclinical hypercortisolemia (PA/SH) and the outcome of
interest is CVD.

Confounding
In observational studies, we generally cannot rule out the possibility
of unmeasured confounding. This is also the case for PA studies
when some common causes of PA/SH and CVD are missing
(Figure 2A). To minimize this bias, researchers should include
variables that are causes of the exposure and related to the outcome,
or variables that are causes of the outcome and related to the
exposure (65). If some important variables are missing, quantitative
bias analysis may need to be considered to investigate the potential
impact of uncontrolled confounding by the unmeasured
confounders (22). This method can also be applied in the meta-
analysis of observational studies (66, 67). Calculating E-value is an
alternative approach to simply assess how much confounding is
needed to explain away the observed association (68). Furthermore,
if there is information on a genetic mutation that would affect CVD
only through PA/SH phenotype and does not modify the effect of
PA/SH on CVD, mendelian randomization may be considered to
obtain a less biased estimate (69).

Overadjustment and Collider Bias
Another important point to select covariates in the model is
overadjustment. Controlling for intermediate variable such as
blood pressure (BP) that lies within the causal pathway between
PA/SH and CVD would introduce a biased estimate (Figure 2B)
because we (i) fail to include the effect of PA/SH on CVD that is
mediated through BP, and (ii) introduce the nonexistent
relationship between PA/SH and CVD through uncontrolled
BP-CVD confounders by controlling for BP, so-called “collider
bias” (70, 71). A data-driven approach (including machine
learning algorithms) is sometimes useful to efficiently select
covariates included in the model, but does not take account of
this bias, and therefore, researchers need to carefully select the
potential confounders based on prior knowledge and causal
diagram (65).
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When there is an interest to estimate the mediation effect of
such intermediate variables for the PA/SH-CVD association,
causal mediation analysis may be a powerful tool to answer
such research questions. For example, using causal mediation
analysis, a recent study showed that elevated BP mediated 45% of
the total association between serum aldosterone levels and
coronary artery calcium score among general adults from a
multi-ethnic group (72). This finding provided novel insight
into both the direct effect (not through BP) and indirect effect
(through BP) of elevated aldosterone on subclinical
atherosclerosis. Meanwhile, it is also noteworthy that causal
mediation analysis requires several strong assumptions and
limitations. One of the hurdles of applying this method in PA
studies is that relatively large sample size is generally needed to
find the significant direct and indirect effect of the exposure on
the outcome. Further details on this method can be found in the
tutorial and methodological review paper (73).

Related to the overadjustment issue, temporal ordering
between exposure, confounders, and outcome is crucial to
obtain a less biased estimate. In PA studies, given the negative
feedback system of RAAS and the HPA axis, it is often challenging
to assume which variables (e.g., biomarker concentrations and
medical conditions) occurred first at cross-sectional data. When
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the variables can be both confounders and mediators, researchers
need to carefully interpret the results of stratified analysis by
such variables because the seemingly heterogeneous findings
could be biased (74). Temporal ordering can be established in
longitudinal cohorts where the extraction of biosample and other
information precedes the outcome assessment.

Measurement Error (Information Bias)
Because analyses are generally based on data, we need to be
careful about the measurement error or misclassification of
variables (23). When exposure status (i.e., whether subjects
have PA/SH or not) affects the reporting of CVD and/or there
are common features between exposure assessment and outcome
assessment (e.g., physician diagnosis, subjects’ awareness of
diseases, subjects’ cognitive performance, etc), our estimate
would be biased (Figure 2C). For example, this type of bias
could easily happen when the exposure assessment involves the
results of the ACTH stimulation test in peripheral blood and the
outcome assessment involves the results of ACTH stimulation
during AVS. Recall bias is a similar type of bias that occurs when
PA/SH assessment is affected by the presence of CVD. If the
error for measured PA/SH status (or CVD status) is independent
of the true CVD status (or PA/SH status) and there are no
A B

D

E F

C

FIGURE 2 | Causal diagram representing each bias scenario in primary aldosteronism study. Notation: Exposure, primary aldosteronism/subclinical
hypercortisolemia (PA/SH); Outcome, cardiovascular disease (CVD); solid arrow from X to Y, the causal effect of X on Y; [X], conditioning on X; dash line between X
and Y, the nonexistent association between X and Y that could be introduced by conditioning on a variable affected by X and Y; UX, factors that affect the
measurement of X; X*, measured X (which could be different from the actual X). (A) Confounding bias due to uncontrolled common causes of exposure (PA/SH) and
outcome (CVD). (B) Overadjustment and collider bias due to conditioning on an intermediate variable (blood pressure [BP]) that underestimate the total effect of PA/
SH on CVD and introduce additional bias by linking PA/SH and uncontrolled common causes of BP and CVD (dashed line). (C) Measurement error, dependent (i.e.,
common factors affect measurements of exposure and outcome) and differential (i.e., exposure affects measurements of outcome, or vice versa). (D) Measurement
error, independent and nondifferential. (E) Selection bias due to selecting participants by exposure and outcome status. (F) Selection bias due to loss to follow-up.
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common features that affect PA/SH and CVD measurement
(Figure 2D), the bias is generally considered to be towards the
null (i.e., underestimate the effect) particularly when the
exposure is binary.

Selection Bias and Loss to Follow-Up
If the study restricts patients to those with confirmatory tests for
PA/SH and the selection is also affected by health outcome status
or its risk factors (which is often the case in a case-control study),
such selection introduces collider bias limiting internal validity
(Figure 2E). Another example is a loss to follow-up in a cohort
study or a randomized controlled trial when enrollees drop the
study due to health conditions related to CVD, as known as
attrition bias (Figure 2F). Multiple imputations for missing data
or inverse probability weighting approach would be helpful to
minimize this type of bias when missing mechanisms can be
explained by measured covariates (75).

Sampling Bias
Sampling bias is also caused by selecting participants that limit
the generalizability of the study findings. Sampling bias needs to
be considered in almost all studies (including clinical trials)
because the study sample is often different from the population
to which clinical interventions or guidelines are targeted in the
real-world. This bias requires attention in PA studies given the
different prevalence of PA/SH and somatic mutations in APA
across countries (62, 63, 76); i.e., study results from a specific
region may not simply be applied to other regions. Moreover, as
shown in our literature review, some topic has tended to be
heavily interested in a specific region or country, that also limits
the external validity. Recently, the concept and method of
generalizability and transportability have received renewed
interest in causal inference literature to extend the study
findings to the target population (77, 78).
CONCLUSION

In this review paper, we summarized the current state of
knowledge about primary aldosteronism with cortisol
cosecretion and the role of ACTH stimulation test in PA
diagnosis. In summary, there is increasing evidence about the
relatively high prevalence of cortisol cosecretion in PA and its
potential influence on adverse health outcomes. Further studies
are warranted to clarify whether there is a clinically useful cut-off
points for cortisol cosecretion (i.e., serum cortisol levels during
Frontiers in Endocrinology | www.frontiersin.org 822
the 1-mg DST) for the PA management. The clinical usefulness of
the ACTH stimulation test for PA (subtype) diagnosis has been
suggested by some studies, but the evidence is limited to make a
specific recommendation in clinical practice. Multicenter studies
using the uniform protocol and consistent definition are needed to
produce robust evidence on this topic. Moreover, heterogeneous
response to ACTH signaling among patients with PA according to
genetic mutations should be further investigated. We also explained
the common type of biases in these epidemiological studies and also
introduced some advanced methods to minimize the biases. As
these epidemiological perspectives have not sufficiently been
considered in PA-related literature, we hope this review would
contribute to a better understanding of possible biases in
epidemiological studies and would help clinicians and researchers
to produce further robust epidemiological evidence and balanced
discussion on these topics.
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Background: Somatic gene mutations that facilitate inappropriate intracellular calcium
entrance have been identified in most aldosterone-producing adenomas (APAs). Studies
suggest that angiotensin II and adrenocorticotropic hormone (ACTH) augment
aldosterone production from APAs. Little is known, however, regarding possible
variations in response to hormonal stimuli between APAs with different aldosterone-
driver mutations.

Objective: To analyze the transcript expression of type 1 angiotensin II receptors
(AGTR1), ACTH receptors (MC2R), and melanocortin 2 receptor accessory protein
(MRAP) in APAs with known aldosterone-driver somatic mutations.

Methods: RNA was isolated from APAs with mutations in: KCNJ5 (n = 14), ATP1A1 (n =
14), CACNA1D (n = 14), and ATP2B3 (n = 5), and from normal adjacent adrenal tissue (n =
45). Transcript expression of MC2R, MRAP, AGTR1, aldosterone synthase (CYP11B2),
17a-hydroxylase/17,20-lyase (CYP17A1), and 11b-hydroxylase (CYP11B1) were
quantified using quantitative RT-PCR and normalized to b-actin.

Results: Compared to adjacent normal adrenal tissue, APAs had higher transcript levels
of CYP11B2 (2,216.4 [1,112.0, 2,813.5]-fold, p < 0.001), MC2R (2.88 [2.00, 4.52]-fold,
p < 0.001), and AGTR1 (1.80 [1.02, 2.80]-fold, p < 0.001]), and lower transcript levels of
MRAP, CYP17A1, and CYP11B1 (0.28–0.36, p < 0.001 for all). MC2R and CYP11B2
transcripts were lower in APAs with KCNJ5 vs. other mutations (p < 0.01 for both).MC2R
expression correlated positively with that of AGTR1 in APAs harboring KCNJ5 and
CACNA1D mutations, and with MRAP expression in APAs harboring ATPase mutations.

Conclusions: While MC2R and AGTR1 are expressed in all APAs, differences were
observed based on the underlying aldosterone-driver somatic mutations. In tandem, our
findings suggest that APAs with ATPase-mutations are more responsive to ACTH than
KCNJ5-mutated APAs.

Keywords: primary aldosteronism, aldosterone, angiotensin, adrenocorticotropic hormone (ACTH), adrenal,
adrenal cortex
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INTRODUCTION

Primary aldosteronism (PA) is characterized by inappropriate,
renin-independent aldosterone production. PA is the most
common curable form of secondary hypertension, accounting
for up to 20% of resistant hypertension cases (1). Growing
evidence suggests that PA increases the risk of cardiovascular
and renal complications as compared to essential hypertension,
independently of blood pressure control (2–4). Inappropriate
mineralocorticoid receptor activation might promote the release
of pro-inflammatory cytokines (5), oxidative stress (6), and,
consequently, target organ damage (2, 4). Sporadic PA is
broadly classified as bilateral adrenal hyperaldosteronism (BHA)
or unilateral PA, which is often caused by an aldosterone-
producing adenoma (APA). APAs account for 30–50% of PA
cases and they can be cured by adrenalectomy, while BHA requires
life-long targeted medical therapy (7). PA subtyping is typically
established based on adrenal venous sampling (AVS) (7). In many
centers, AVS is performed after administration of cosyntropin, a
synthetic adrenocorticotropic hormone (ACTH), which enhances
the confidence of successful adrenal vein catheterization and
circumvents intrinsic ACTH fluctuations that might occur due
to the stress of the procedure. Reports regarding the impact of
ACTH on APAs, however, have been inconsistent (8–12).

Studies conducted over the past decade have identified a series of
aldosterone–driver gene mutations in familial and sporadic forms of
PA. Affected genes include: KCNJ5 (13), ATP1A1 (14, 15), ATP2B3
(15), CACNA1D (16), CACNA1H (17), CTNNB1 (18), and CLCN2
(19, 20). Next-generation sequencing (NGS) of aldosterone-
producing areas precisely mapped using immunohistochemistry
(IHC) for aldosterone synthase (CYP11B2) has revealed
aldosterone-driver somatic mutations in over 90% of APAs (21–
23). A shared molecular feature of the somatic mutations found in
APAs is that they facilitate intracellular calcium entrance, which
then stimulates aldosterone production by augmenting CYP11B2
expression (23). Nonetheless, APAs harboring different aldosterone-
driver somatic mutations have distinct histopathological features
(24), steroidogenic potential (25), and responses to ACTH
stimulation (26).

In addition to ion channel or pump mutations, some studies
suggest that the aberrant expression of receptors in APAs, such
as G-protein coupled receptors (GPCRs), might contribute to
their dysregulated aldosterone production (27–29). Under
physiological conditions, angiotensin II, serum potassium, and,
to a lesser extent, ACTH control aldosterone synthesis from the
adrenal zona glomerulosa (ZG) (30, 31). Variability in type 1
angiotensin II receptor (AGTR1) and melanocortin type 2
receptor (MC2R, also known as ACTH receptor) expression,
which is abundant in both APAs and normal adrenals (29),
might modulate aldosterone production (30, 31). Although
cellular models of aldosterone-driver mutations showed that
responses to angiotensin II are increased (32, 33), data on
possible variations in response to hormonal stimuli between
APAs with different somatic mutations are scarce. Herein, we
investigated the transcript expression of AGTR1, MC2R, and
melanocortin-2-receptor accessory protein (MRAP) in APAs
with known aldosterone-driver somatic mutations and in
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adjacent normal adrenal tissue. In addition, we assessed the
relationship between aldosterone-regulators and CYP11B2
expression in APAs with different somatic mutations.
MATERIALS AND METHODS

Tissue Samples
The current study included adrenals from 47 patients with APA
who underwent adrenalectomy at the University of Michigan
between 2004 and 2018. Patients were selected based on
availability of formalin-fixed paraffin-embedded (FFPE) adrenal
tumor blocks. The clinical diagnosis of PA was made according to
the institutional consensus available at the time or the Endocrine
Society Clinical Practice guidelines (7). All adrenal specimens
were pathologically diagnosed as adrenocortical adenomas. For
comparison, we used adjacent normal adrenal tissue obtained
from the same patients. Because the availability of adrenal tissue
adjacent to the APA was limited, cortical and medullary tissue
were not dissected separately. Sections from FFPE adrenal tumor
blocks were used for IHC for CYP11B2 and 17a-hydroxylase/
17,20-lyase (CYP17A1) and for genetic analysis, as previously
described (21). This study was approved by Institutional Review
Boards at the University of Michigan (HUM00106809,
HUM00024461, HUM00083056). Written informed consent
was obtained from all patients who underwent adrenalectomy
after February, 2011. A waiver of consent was granted for the use
of archival specimens (HUM00083056).

DNA/RNA Isolation
Genomic DNA (gDNA) and RNA were obtained from APAs
with mutations in: KCNJ5 (n = 14), ATP1A1 (n = 14), CACNA1D
(n = 14), and ATP2B3 (n = 5), and from adjacent normal adrenal
tissues (n = 45). Adrenocortical adenomas that displayed
CYP11B2-expressing cells were considered APAs. After
identification of CYP11B2-positive areas by IHC, four to nine
unstained consecutive 5 µm FFPE slides were used to separately
dissect corresponding CYP11B2-positive areas. Dissection of
FFPE sections was performed using disposable scalpels under
an Olympus SZ-40 microscope. The AllPrep DNA/RNA FFPE
kit (QIAGEN, Hilden, Germany) was used to isolate gDNA and
RNA, as previously described (34).

Next-Generation Sequencing
For mutation analysis, multiplexed PCR–based NGS was
conducted using Ion Torrent Ampliseq sequencing (Thermo
Fisher Scientific), as previously described (21, 34). The panel
for library preparation included amplicons targeting the full
coding regions of known aldosterone-driving genes, including
the most commonly affected: KCNJ5, ATP1A1, CACNA1D, and
ATP2B3. APAs with other aldosterone-driver mutations were
not included in this analysis, due to their low prevalence.

Quantitative Real-Time RT-PCR (qPCR)
Total RNA was reverse transcribed using the High-Capacity cDNA
Reverse Transcription Kit (Applied Biosystems). qPCR was
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performed using the ABI StepOnePlus Real-Time PCR systems
(Applied Biosystems). CYP11B2, CYP17A1, and CYP11B1 primer/
probe mixtures were prepared as previously described (27, 35). For
HumanMRAP qPCR, the primer (qHsaCID0022591, Bio-Rad) was
mixed with SYBR Green PCR master mix (Applied Biosystems).
Primer/probe mixtures for the amplification of AGTR1
(Hs00258938_m1), MC2R (Hs00300820_s1), and b-actin (ACTB;
Hs01060665_g1) were purchased from Applied Biosystems. In this
study, ACTB transcript was used as a reference gene for
normalization between samples. Relative quantification was
determined using the comparative threshold cycle method (36).
The average DCT value of all adjacent normal tissues was used as
reference when comparing gene expression between APAs with
various underlying mutations.

Statistical Analysis
Statistical analyses were conducted using SAS 9.4 (SAS Institute,
Cary, NC, USA), and GraphPad Prism 8 was used to generate
figures. The Kruskal-Wallis test, followed by the Dwass-Steel-
Critchlow-Fligner test were employed to compare continuous
variables across multiple groups. Distribution of categorical
variables across groups was assessed by the Chi-square or
Fisher’s exact test. Wilcoxon signed-rank test was used for
paired comparison of transcript levels between APAs and the
corresponding adjacent normal adrenal tissues. Correlations
between gene expressions were examined with the Spearman
correlation test. Two-sided p values below 0.05 were considered
statistically significant.
RESULTS

Demographic and clinical characteristics of study participants
are presented in Table 1. Most patients were Caucasian, with
ages between 20 and 79 years (median age 52) and 62% were
men. Patients with APAs harboring KCNJ5 mutations were
younger, leaner, and mostly women (Table 1).
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AGTR1, MC2R, MRAP, CYP11B2,
CYP17A1, and CYP11B1 Gene Expressions
in Aldosterone-Producing Adenomas
Overall, APAs displayed higher transcript levels of MC2R (2.88
[2.00, 4.52]-fold, p < 0.001), AGTR1 (1.80 [1.02, 2.80]-fold, p <
0.001), and CYP11B2 (2216.4 [1112.0, 2813.5]-fold, p < 0.001)
compared to the corresponding adjacent normal adrenal tissue,
and these differences remained robust in APAs with CACNA1D
and ATP1A1 mutations (Table 2). AGTR1 and MC2R transcript
levels were only minimally, but not significantly higher in KCNJ5-
mutated APAs as compared to the paired adjacent normal adrenal
tissue. Conversely, APAs had lower transcript levels of MRAP,
CYP17A1, and CYP11B1 (0.28–0.36-fold, p < 0.001, Table 2) than
the corresponding normal adjacent adrenal tissue and these
differences were observed in all mutation subgroups.

APAs harboring KCNJ5 mutations displayed lower MC2R
and CYP11B2 mRNA expressions compared to other APAs
(Figures 1B, C), while AGTR1 and MRAP transcript levels
were relatively similar between mutation groups (Figures
1A, D).
Correlations Between Aldosterone
Regulators and Steroidogenic Enzymes
in Aldosterone-Producing Adenomas
Overall, APA CYP11B2 expression correlated positively with
MC2R (r = 0.77, p < 0.0001) and AGTR1 (r = 0.52, p = 0.0002,
Figure 2), and inversely with CYP17A1 and CYP11B1 (r = −0.3,
p < 0.05 for both). The strongest correlations between CYP11B2
and both MC2R and AGTR1 were observed in ATP1A1-mutated
APAs (r = 0.77, p = 0.001 and r = 0.61, p = 0.021, respectively).

APAs with CACNA1D and KCNJ5 mutations displayed tight
positive correlations between MC2R and AGTR1 transcripts (r =
0.75, p = 0.002 and r = 0.65, p = 0.012, respectively), while no
significant correlations were found in APAs with ATPase
mutations. Conversely, MC2R and MRAP expressions
correlated positively only in ATP1A1- and ATP2B3-mutated
APAs (r = 0.62, p = 0.018 and r = 0.90, p = 0.037, respectively).
TABLE 1 | Baseline characteristics of patients with APA participating in this study.

Total (n = 47) KCNJ5 (n = 14) ATP1A1 (n = 14) CACNA1D (n = 14) ATP2B3 (n = 5) p value

Age (years) 52.0 (20, 79) 42.0 (20, 56) 55.5 (41, 79) 53.0 (32, 78) 59.0 (53, 75) 0.002
Sex (n men, %) 29 (61.7%) 1 (7.1%) 12 (85.7%) 11 (78.6%) 5 (100%) <0.001
Race (n) C (38), AA (4), A (1), U (4) C (10), AA (1), A (1), U (2) C (13), U (1) C (11), AA (2), U (1) C (4), AA (1) 0.496
BMI (kg/m2) [n = 33] 30.6 [26.2, 35.7] 25.2 [23.2, 33.4] 34.7 [31.9, 40.6] 30.6 [26.8, 33.9] 29.1 [26.1, 30.6] 0.024
SBP (mmHg) [n = 44] 145.5 [130.3, 167.5] 141.0 [128.0, 175.0] 158.5 [130.5, 182.0] 145.0 [134.3, 159.8] 149.0 [135.5, 165.5] 0.779
DBP (mmHg) [n = 44] 86.0 [74.0, 91.8] 76.0 [70.0, 92.5] 90.0 [83.0, 96.3] 85.5 [74.5, 98.0] 78.0 [73.0, 84.5] 0.270
Serum Cr (mg/dl) [n = 30] 0.90 [0.79, 1.10] 0.78 [0.69, 0.90] 0.94 [0.81, 1.09] 1.03 [0.83, 1.23] 1.50 [1.20, 3.43] 0.003
Serum potassium (mmol/L) [n = 43] 3.4 [2.9, 3.8] 3.3 [2.9, 3.9] 3.4 [2.9, 3.7] 3.6 [3.4, 3.8] 3.2 [3.0, 3.9] 0.462
PAC (ng/dl) [n = 44] 29.1 [21.7, 60.2] 26.2 [19.6, 36.1] 29.7 [23.3, 98.4] 27.4 [21.7, 48.1] 80.0 [27.1, 230.0] 0.296
PRA (ng/ml/hr) [n = 31] 0.20 [0.10, 0.60] 0.10 [0.07, 0.60] 0.10 [0.10, 0.40] 0.30 [0.15, 0.75] 0.30 [0.10, 0.73] 0.399
March 2021
 | Volume 12 | Article
Continuous variables are expressed as median [interquartile range], except for age, which is expressed as median (range).
APA, aldosterone-producing adenoma; C, Caucasian; AA, African American; A, Asian; U, unknown; BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure;
Cr, creatinine; PAC, plasma aldosterone concentration; PRA, plasma renin activity.
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DISCUSSION

In this study, we delineate differential gene expression of the
primary aldosterone regulatory receptors in APAs with different
underlying mutations. We found that APAs displayed higher
mRNA expression of both MC2R and AGTR1 than adjacent
normal adrenal tissue. In addition, we show that the expression
patterns of MC2R and AGTR1, and their associations with
CYP11B2 transcripts differ between APAs with various
underlying aldosterone-driver somatic mutations.

Under physiological conditions, angiotensin II induces Gi-
mediated cell membrane depolarization and increases
intracellular calcium signaling, thereby stimulating acute
steroid production as a result of increased steroidogenic acute
regulatory protein (StAR) protein expression (31). Furthermore,
this elevation in intracellular calcium activates a cascade of
signaling events that lead to increased CYP11B2 transcription
and aldosterone secretion from ZG cells (30, 37). Although PA is
theoretically renin-independent, aldosterone excess may also
result from aberrant receptor expression within APAs and/or
hypersensitivity to physiological stimuli. A variety of autocrine
and paracrine regulatory factors (38) can activate ectopic or
aberrant receptors, which may govern aldosterone secretion
independently from the suppressed renin-angiotensin system
(29, 39). Indeed, mRNA expressions of AGTRI and MC2R
were previously reported to be higher in APA tissues
compared to healthy adult adrenals (27, 29, 40). The effects of
posture, angiotensin II infusion, and angiotensin converting
enzyme inhibitors have been shown to differ in APA when
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compared to BHA, although results have been variable (7, 41–
43). In our study, AGTR1 transcript levels tended to be higher in
APAs as compared to adjacent normal adrenal tissue. Tunny and
colleagues found that angiotensin II-unresponsive APAs were
more common in women, while those responsive to angiotensin
II were more prevalent in men (41). Indeed, we herein found that
KCNJ5-mutated APAs, which are most prevalent in women of all
races (44–46), expressed AGTR1 transcript levels comparable to
those found in the corresponding normal adrenal tissue.

In contrast with angiotensin II and potassium, ACTH
stimulates aldosterone secretion acutely but transiently (31,
47). Aldosterone production follows a circadian rhythm that
parallels that of ACTH both in normal individuals, as well as in
patients with PA (48, 49). In patients with aldosterone-secreting
tumors, plasma aldosterone concentration starts to fall around
mid-morning, as ACTH levels decrease, in spite of upright
posture (39). The relative impact of ACTH on aldosterone
production from APA vs. BHA and normal ZG cells remains
incompletely understood. Small studies suggest that APAs might
be more sensitive to ACTH stimulation and suppression than
BHA and normal adrenals (49). Asian studies (50–52) indicated
that the response of aldosterone to cosyntropin stimulation, with
or without a priori overnight suppression with 1mg
dexamethasone, is higher in patients with APA than in those
with BHA. Nevertheless, AVS data have shown that aldosterone
lateralization might be apparent only prior to or exclusively after
cosyntropin stimulation (8, 9, 53). Washout of a baseline
aldosterone gradient between the two adrenal glands following
cosyntropin stimulation indicates a relatively higher response
TABLE 2 | Paired comparisons of transcript levels of AGTR1, MC2R, MRAP, and steroidogenic enzymes between APAs and adjacent normal adrenal tissue.

AGTR1 MC2R CYP11B2 MRAP CYP17A1 CYP11B1

All APAs
APAs 1.80 [1.02, 2.80] 2.88 [2.00, 4.52] 2,216.40

[1,111.98, 2,813.45]
0.36 [0.18, 0.59] 0.30 [0.15, 0.43] 0.28 [0.19, 0.56]

Adjacent adrenal tissue 0.99 [0.64, 1.49] 0.99 [0.65, 1.43] 1.07 [0.35, 2.70] 0.97 [0.64, 1.65] 0.99 [0.78, 1.31] 1.04 [0.78, 1.27]
p value <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
KCNJ5-mutated APAs
APAs 1.37 [1.06, 2.11] 1.90 [1.13, 2.52] 911.30

[502.92, 1,212.01]
0.41 [0.23, 0.66] 0.32 [0.28, 0.53] 0.53 [0.20, 0.81]

Adjacent adrenal tissue 0.99 [0.58, 1.35] 0.98 [0.53, 1.80] 0.38 [0.15, 2.31] 1.15 [0.83, 1.85] 0.92 [0.80, 1.17] 1.06 [0.75, 1.30]
p value 0.101 0.064 0.001 0.004 0.002 0.002
CACNA1D-mutated APAs
APAs 2.25 [1.52, 2.89] 3.48 [2.57, 4.36] 2,559.10

[1,506.43, 3,273.80]
0.32 [0.12, 0.58] 0.28 [0.19, 0.45] 0.20 [0.15, 0.36]

Adjacent adrenal tissue 1.14 [0.79, 1.61] 1.08 [0.67, 1.51] 1.09 [0.49, 2.20] 1.29 [0.89, 2.36] 1.34 [0.90, 1.49] 1.04 [0.77, 1.20]
p value 0.013 0.001 0.001 0.001 0.001 0.001
ATP1A1-mutated APAs
APAs 1.57 [0.98, 3.01] 5.13 [2.35, 7.55] 2,329.07

[1,519.96, 4,213.90]
0.43 [0.22, 0.58] 0.18 [0.10, 0.40] 0.31 [0.25, 0.48]

Adjacent adrenal tissue 1.16 [0.65, 1.56] 1.16 [0.73, 1.36] 1.59 [0.87, 7.77] 0.66 [0.60, 1.17] 0.85 [0.67, 1.24] 0.96 [0.76, 1.66]
p value 0.013 0.001 0.001 0.002 0.001 0.001
ATP2B3-mutated APAs
APAs 2.91 [1.02, 6.97] 4.18 [2.58, 6.34] 2,736.94

[1,755.25, 4,163.27]
0.36 [0.14, 0.63] 0.20 [0.03, 0.49] 0.19 [0.16, 0.55]

Adjacent adrenal tissue 0.69 [0.57, 0.98] 0.73 [0.48, 1.14] 0.51 [0.25, 1.94] 0.65 [0.52, 0.78] 0.88 [0.72, 1.04] 1.07 [0.73, 1.09]
p value 0.144 0.068 0.068 0.068 0.068 0.068
Ma
rch 2021 | Volume 12
qPCR data are shown as fold changes normalized to b-actin (ACTB). Continuous variables are expressed as median [interquartile range].
APA, aldosterone-producing adenoma; AGTR1, type 1 angiotensin II receptor; MC2R, melanocortin type 2 receptors (ACTH receptors); CYP11B2, aldosterone synthase; MRAP,
melanocortin 2 receptor accessory protein; CYP17A1, 17a-hydroxylase; CYP11B1, 11b-hydroxylase.
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from either normal ZG cells or from asymmetrical BHA.
Conversely, amplification of a baseline aldosterone
lateralization points towards a highly ACTH-sensitive APA.

The impact of ACTH on aldosterone secretion is dependent
on the expression of MC2R in CYP11B2-positive cells (31). As
ACTH is the primary regulator of cortisol synthesis, MC2R is
abundantly expressed in the zona fasciculata (ZF) cells (54).
Previous studies have shown that APAs have higher MC2R
transcript levels than normal adrenal tissue, non-functional
adrenal adenomas, or carcinomas (27, 29, 40, 55–57), although
the levels reported have been somewhat variable. Our study is the
first to quantify the expression of MC2R and AGTR1 transcript
levels in APAs confirmed by CYP11B2 IHC. Non-functional
cortical adenomas can be present in patients with PA, and these
tumors display lower MC2R expression than APAs or normal
cortical tissue (40, 55); this might explain previously reported
variability of MC2R expression in presumed APAs that were not
functionally confirmed by examining CYP11B2 expression.
Another cause of variability relates to the APA genotype.
While all APAs had higher transcript levels of MC2R
compared to adjacent normal adrenal tissue, KCNJ5-mutated
APAs displayed lower MC2R transcripts than other APAs.
Considering that BHA are often caused by multiple APCCs
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that harbor CACNA1D mutations (58), it is not surprising that
East Asians studies that assessed the aldosterone response to
ACTH stimulation or suppression in patients with APA vs. BHA
found considerable overlap. As confirmed by several cohorts,
KCNJ5 mutations account for the vast majority of APAs in East
Asian populations (45, 59). In line with these findings, we have
previously reported that aldosterone lateralization during AVS
often dampens following cosyntropin stimulation in patients
with APAs harboring KCNJ5 mutations, while the opposite
happens in patients with ATPase mutations (26).

ACTH binds to its MC2R, and induces the activation of
adenylate cyclase and the generation of intracellular cAMP (54,
60). Subsequently, the increased cAMP activates protein kinase
A, which augments CREB phosphorylation and CYP11B2
transcription (30, 31). MRAP, a small transmembrane protein,
is an essential factor in regulating trafficking and functional
expression of the MC2R in the adrenal gland (61, 62). Both
MC2R and MRAP are known to be highly expressed in the
undifferentiated zone as well as the ZF cells (63). Furthermore,
the acute steroidogenic responses to ACTH stimulation depend
on adequate amounts of MC2R and MRAP on the plasma
membrane surface (61). In this study, MC2R transcripts
correlated positively with MRAP expression only in ATPase-
A B

D E F

C

FIGURE 1 | Transcript expression of AGTR1 (A), MC2R (B), CYP11B2 (C), MRAP (D), CYP17A1 (E), and CYP11B1 (F) in aldosterone-producing adenomas with
different aldosterone-driver somatic mutations. qPCR data are shown as the fold changes normalized to b-actin (ACTB). AGTR1, type 1 angiotensin II receptor;
MC2R, melanocortin type 2 receptors (ACTH receptors); CYP11B2, aldosterone synthase; MRAP, melanocortin 2 receptor accessory protein; CYP17A1, 17a-
hydroxylase; CYP11B1, 11b-hydroxylase. Comparisons between groups were done using the Kruskal-Wallis test, followed by the Dwass-Steel-Critchlow-Fligner test.
*p < 0.05, **p < 0.01, ***p < 0.001, compared with KCNJ5-mutated APAs. The boxes contain the 25th and 75th percentiles, the whiskers mark the 10th and 90th

percentiles, and the horizontal line within the box indicates the median, and the ⚫ represent outliers.
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FIGURE 2 | Correlations between transcript levels of AGTR1, MC2R, MRAP, and steroidogenic enzymes in aldosterone-producing adenomas and adjacent normal adrenal
tissue. AGTR1, type 1 angiotensin II receptor; MC2R, melanocortin type 2 receptors (ACTH receptors); CYP11B2, aldosterone synthase; MRAP, melanocortin 2 receptor
accessory protein; CYP17A1, 17a-hydroxylase; CYP11B1, 11b-hydroxylase. Correlation analyses were done using the Spearman correlation test. *p < 0.05, **p < 0.01,
***p < 0.001.
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mutated APAs. These findings further support the high
responsivity of ATPase-mutated APAs to cosyntropin observed
during AVS (26), in contrast with KCNJ5 or CACNA1D-mutated
APAs. Conversely, MC2R transcript levels correlated positively
with those of AGTR1 in APAs harboring KCNJ5 or CACNA1D
mutations, but not in those with ATPase mutations. Together
these results highlight molecular differences between APAs,
which go beyond those illustrated by recent histopathological
studies (23, 24). Additional downstream molecular mechanisms
might be impacted differently by various aldosterone-driver
mutations and deserve further investigation. For example, in
vitro studies suggest that angiotensin II upregulates NR4A1,
NR4A2, and NR4A3 gene expression (64, 65), and that NR4A2
andNR4A3 are upregulated in cell models overexpressing KCNJ5
mutations (66, 67). Other transcriptome and methylome
variations have been shown between APA with and without
KCNJ5 mutations (68). In addition, differences in the expression
of inhibitory regulators, such as dopamine receptors (69, 70)
across APAs with various aldosterone-driver mutations deserve
further investigation.

In summary, we found that ACTH and angiotensin II
receptors are expressed in functionally confirmed APAs
harboring the four most common aldosterone-driver somatic
mutations. Additionally, we show that these key aldosterone
regulatory receptors display several differences in expression
across APAs with distinct underlying mutations. Specifically,
KCNJ5-mutated APAs express lower mRNA transcript levels of
both MC2R and CYP11B2 as compared to other APAs, and they
display no association between MC2R and MRAP expression,
possibly explaining their relatively modest response to
cosyntropin stimulation observed during AVS. Conversely,
ATP1A1-mutated APAs showed robust positive correlation of
MC2R with both MRAP and CYP11B2 expression, supporting
their ACTH-sensitivity. The relatively small number of tissue
samples and individual variability from APAs with distinct
somatic mutation are limitation of our study. Another
important limitation is the lack of protein translation
assessment, and thus conclusions regarding protein function
remain limited. Such studies will be critical once highly
selective human MC2R antibodies become available.
Nevertheless, this initial study provides insight into the
possible actions of ACTH and angiotensin II in APA with
various aldosterone-driver mutations.
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Objective: To investigate how often target renin is pursued and achieved in patients with
primary aldosteronism (PA) and other low renin hypertension (LRH) treated with
mineralocorticoid receptor antagonists (MRAs), as reversal of renin suppression was
shown to circumvent the enhanced cardiovascular and renal morbidity and mortality in
these patients.

Patients and Methods: We conducted a retrospective cohort study of patients with PA
and LRH treated with MRAs in an academic outpatient practice from January 1, 2000,
through May 31, 2020.

Results: Of 30,777 patients with hypertension treated with MRAs, only 7.3% were
evaluated for PA. 163 patients (123 with PA) had renin followed after MRA initiation. After a
median follow-up of 124 [interquartile range, 65-335] days, 70 patients (43%) no longer
had renin suppression at the last visit. The proportion of those who achieved target renin
was higher in LRH than in PA (53% vs. 40%). Lower baseline serum potassium, lower
MRA doses, and beta-blocker use were independently associated with lower odds of
achieving target renin in PA, while male sex was associated with target renin in LRH.
Overall, 50 patients (30.7%) had 55 adverse events, all from spironolactone, and 26
patients (52%) were switched to eplerenone or had a spironolactone dose reduction.

Conclusion: Despite evidence that reversal of renin suppression confers cardio-renal
protection in patients with PA and LRH, renin targets are followed in very few and are
achieved in under half of such patients seen in an academic setting, with possibly even
lower rates in community practices.

Keywords: primary aldosteronism, renin, mineralocorticoid receptor (MR) antagonist, adrenal disorders,
hypertension, aldosterone, adrenal, adrenal cortex
Abbreviations: CKD, chronic kidney disease; DRC, direct renin concentration; eGFR, estimated glomerular filtration ratio;
LRH, low renin essential hypertension; MR, mineralocorticoid receptor; MRA, mineralocorticoid receptor antagonist; PA,
primary aldosteronism; PAC, plasma aldosterone concentration; PRA, plasma renin activity; RAAS, renin-angiotensin-
aldosterone system.
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INTRODUCTION

Primary aldosteronism (PA) is a common form of secondary
hypertension, accounting for up to 20% of resistant hypertension
cases (1–3). Compared to sex- and age- matched individuals with
essential hypertension and equivalent blood pressure, patients with
PA have a higher risk of cardiovascular and renal complications,
including atrial fibrillation, coronary artery disease, strokes, renal
insufficiency, and death (4, 5). Such complications are partly
mediated by excessive mineralocorticoid receptor (MR) activation
in target tissues, which promotes myocardial fibrosis, left ventricular
hypertrophy, increased carotid intima-media thickness, endothelial
dysfunction, and microalbuminuria (6–12). Mineralocorticoid
receptor antagonists (MRAs) are the mainstay of medical
treatment for PA (13). While small observational studies showed
that MRAs can be efficacious for blood pressure control and
cardiovascular protection even in low doses (14–16), large
retrospective cohort studies of patients with PA and essential
hypertension suggest that the cardio-renal benefits of MRA
therapy in PA patients are maximized when renin is no longer
suppressed (4, 17, 18).

The clinical benefits of MRA therapy on blood pressure
control and cardiovascular morbidity and mortality has also
been demonstrated more broadly in resistant hypertension (19–
21). Moreover, low renin has been associated with cardiovascular
risk in patients with “essential hypertension” (22–24) and it has
been shown to be a predictor of blood pressure response to
MRAs in this population (25). Therefore, abrogation of renin
suppression is suggestive of therapeutic MR blockade that
overcomes the excessive amounts of aldosterone or other
MR activators.

In this study, conducted in a large academic clinical practice
that includes both primary care and specialty services, we aimed
to: 1) assess how often MRA therapy is titrated to target renin
Frontiers in Endocrinology | www.frontiersin.org 235
levels; and 2) identify factors that preclude adequate MRA dose
titration to overcome renin suppression, such as side effects or
concomitant medications that contribute to alterations of renin-
angiotensin-aldosterone-system (RAAS).
PATIENTS AND METHODS

Study Participants
We employed an internal database search engine, DataDirect
(26), to identify patients with low-renin hypertension treated
with MRA between January 1st, 2000 and June 1st, 2020 (Figure
1). We included patients with hypertension who had: 1)
suppressed renin prior to initiation of MRA therapy, and 2)
follow-up renin measurements after MRA initiation available in
our medical records. We excluded patients with: end-stage renal
disease; Cushing syndrome; glucocorticoid use; adrenal cortical
carcinoma; congenital adrenal hyperplasia; and critically ill
patients. We also excluded patients who did not have follow-
up renin within 18 months after MRA initiation. This study was
conducted with the University of Michigan Internal Review
Boards approval (HUM00055821). A waiver of consent was
granted for the retrospective review of medical records.

Clinical Information
Data extracted from medical records included: demographics,
body mass index (BMI), blood pressure, medical diagnoses,
medications, serum electrolytes, the estimated glomerular
filtration ratio (eGFR), plasma aldosterone concentration
(PAC), plasma renin, both before and after MRA initiation, as
well as side effects related to MRA use. To compile results,
eplerenone doses were converted to equivalent spironolactone
doses by dividing by 2 (18, 27, 28).
FIGURE 1 | Selection of study participants. MRA, mineralocorticoid receptor antagonist; PA, primary aldosteronism.
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Measurement of Renin and Definition of
PA Diagnosis
Plasma renin activity (PRA) was available in the majority of
patients (74.8%), and it was measured as previously reported
(29). Direct renin concentration (DRC) was measured after
February 2018 and it was the only test available in the
remaining patients (25.2%). DRC was measured with a
DiaSorin Liaison competitive chemiluminescent immunoassay
with a coefficient of variability <10%. A conversion factor of 1:8
was used to transform DRC values into PRA equivalents
following rigorous in-house analysis of both assays over a 9-
month transition period. Renin was considered suppressed when
PRA was <1.0 ng/mL/h (to convert to pmol/L, multiply by
0.0030) and DRC was <8.0 pg/mL (to convert to pmol/L,
multiply by 0.0237), and renin values above these thresholds
were set as target following MRA therapy. The diagnosis of PA
was established based on one of the following criteria: an oral salt
loading test followed by a 24-hour urinary aldosterone >12 mg
(to convert to mmol, multiply by 0.0028); an intravenous
saline infusion test followed by a PAC >6.8 ng/dL (to convert
to nmol/L, multiply by 0.0277) at 4 hours; or PAC ≥20 ng/dL
along with suppressed renin (13). The laterality of
hyperaldosteronism was confirmed by adrenal venous
sampling, as previously reported (30).

Statistical Analysis
The Mann-Whitney U test was used for comparison of
continuous variables between two independent groups. The
paired t-test (for normal data distribution) or Wilcoxon
signed-rank test (skewed data distribution) were used to
compare continuous variables prior to and after MRA therapy
within the same patients. The Chi-squared test and Fisher’s exact
test were used for comparison of proportions between two
groups. Linear regression analysis was used to assess
relationships between continuous variables. Multiple logistic
regression with backward stepwise selection was employed to
evaluate predictors of target renin achievement following MRA
treatment. All statistical analyses were performed with StatFlex
software (version 7.0; Artech Co, Ltd, Osaka, Japan) or Prism
(version 8.0; GraphPad Software, La Jolla, CA). Statistical
significance was accepted at p values smaller than 0.05.
RESULTS

Demographics and Clinical Characteristics
of Study Participants
Of 620,463 adult patients with hypertension seen across our
institution during the study period, 59,317 (10%) patients had a
documented diagnosis of “hyperaldosteronism” (Figure 1). Only
5% of all patients and 9.8% of those with hyperaldosteronism
were prescribed an MRA. In total, 123 patients with PA and 40
patients with other low-renin hypertension (LRH) met all
inclusion criteria (Figure 1). The number of the patients
meeting entry criteria increased progressively since 2013 (13
before 2010, 51 from 2011 through 2015, and 97 since 2016;
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Supplemental Figure 1). The median age of all participants at
study entry was 56 (range, 19 to 84) years, and it was similar in
both groups (Table 1). Patients with PA were more frequently
men (60%), while those with LRH were more often women
(67.5%, p=0.02). The median number of antihypertensive agents
was 3 (interquartile range: 2 to 4) in both groups. Patients with
LRH had a higher systolic blood pressure (159 [137, 182] vs.148
[132, 162] mmHg, p=0.03). Beta-blockers, RAAS inhibitors
(including angiotensin converting enzyme inhibitors and
angiotensin receptor blockers), and calcium channel blockers
were prescribed in 64%, 53%, and 69% of the patients,
respectively. Patients with PA were treated more often with
calcium channel blockers (75% vs. 53%, p=0.008), and
potassium supplements (45% vs. 20%, p=0.01) than those
without PA (Table 1).

Rates of Target Renin Achievement After
MRA Initiation
Patients were followed for a median of 124 (interquartile range:
65, 335) days while on MRA treatment. In 59% of cases (74/123
with PA and 22/40 with LRH), the MRA titration decision was
based on renin values or side effects. In a minority of patients,
MRA titration was based on other factors, such as blood
pressure (14%, 11 with PA and 12 with LRH)) and serum
potassium (4%, 3 with PA and 1 with LRH), or no
documentation regarding the rationale for the titration was
found (9%, 10 with PA and 4 with LRH). In the remaining
patients, the initial MRA doses were not changed. The median
MRA dose used at the last visit was 50 (range, 12.5 to 300) mg/
day (Table 1). Most patients (82%) were treated with
spironolactone. The overall cumulative proportion of patients
in whom target renin was achieved was 43% at the last visit
(Figure 2A). The proportion of patients with target renin
increased gradually over time in both groups, but was higher
across all stages in patients with LRH as compared to the PA
group. In the PA group, target renin was achieved in 2% of
patients at 2 weeks, and it reached 40% by the last visit (Figure
2B). In patients with LRH, target renin rates were reached in
8% at 2 weeks and 53% one year after MRA initiation
(Figure 2C).

Factors Associated With Target Renin in
PA and LRH
The clinical characteristics of PA patients with and without
achievement of target renin levels are summarized in Table
2A. Compared to those who achieved target renin levels,
patients with persistent renin suppression were younger (54
[44, 62] vs. 59 [51, 67] years, p=0.01), were more often treated
with beta-blockers (74% vs. 51%, p=0.008), and had lower serum
potassium concentrations (3.7 vs 3.9 mM, p=0.001). Patients
with PA who reached a target renin value at the last visit were
treated with higher doses of MRAs (50.0 [25.0, 81.3] vs. 31.3
[25.0, 50.0] mg/day, p=0.002), and had higher serum potassium
levels (4.4 [4.2, 4.7] vs. 4.2 [3.9, 4.5] mM, p=0.01). Of the
concomitant antihypertensive agents used, beta-blockers were
associated with higher odds of persistent renin suppression
March 2021 | Volume 12 | Article 625457

https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles


Tezuka and Turcu MRAs and Renin Targets
(p=0.02), whereas neither RAAS inhibitors, nor potassium-
wasting diuretics had an impact on the likelihood of target
renin achievement. Multiple logistic regression determined that
a lower baseline serum potassium, lower MRA dose, and beta-
blocker use were independently associated with lower odds of
achieving target renin levels (Table 3A).

Of patients with LRH, those who reached target renin levels
had higher PRA (0.6 [0.3, 0.7] vs. 0.2 [0.1, 0.4] ng/mL/h,
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p=0.04) at baseline than the patients with persistent renin
suppression (Table 2B). Intriguingly, patients with persistent
renin suppression were more frequently women than those
with target renin achievement (90% vs. 48%, p=0.005). There
was no difference in age, beta-blocker use, or MRA doses
between the two groups. In multiple logistic regression, only
sex was independently associated with target renin levels
(Table 3B).
TABLE 1 | Baseline demographics of study participants.

Variables All PA LRH p

N 163 123 40
Age (years) 56 [46, 64] 56 [47, 64] 56 [46, 67] 0.99
Women (N, %) 76 (46.6%) 49 (39.8%) 27 (67.5%) 0.02
BMI (kg/m2) 32.9 [28.7, 36.5] 32.9 [29.0, 36.0] 33.3 [28.4, 37.1] 0.92
SBP (mmHg) 149 [134, 168] 148 [132, 162] 159 [137, 182] 0.03
DBP (mmHg) 84 [75, 92] 84 [75, 91] 85 [76, 99] 0.13
Serum potassium (mM) 3.8 [3.5, 4.2] 3.7 [3.5, 4.2] 4.0 [3.5, 4.2] 0.24
eGFR (mL/min/1.73m2) 81 [64, 94] 81 [65, 92] 82 [61, 96] 0.86
PAC (ng/dL) 18.8 [13.2, 26.5] 21.0 [16.3, 29.7] 11.2 [8.4, 16.6] <0.001
PRA (ng/mL/hr) [N = 122] 0.3 [0.1, 0.6] 0.2 [0.1, 0.6] 0.4 [0.2, 0.7] 0.06
DRC (pg/mL) [N = 41] 2.1 [2.1, 3.5] 2.1 [2.1, 2.1] 2.3 [2.1, 4.3] 0.052
ARR (ng/dL per ng/mL/h) 61.0 [32.2, 124.4] 79.5 [38.6, 170.0] 28.9 [18.5, 47.1] <0.001
Follow-up duration (days) 124 [65, 335] 175 [73, 342] 80 [35, 173] 0.008
MRA dosage at the last visit (mg/day) 50.0 [25.0, 50.0] 50.0 [25.0, 50.0] 25.0 [25.0, 50.0] 0.18
MRA-related side effects (N, %) 50 (30.7%) 41 (33.3%) 9 (22.5%) 0.20
Smoking history (N, %) 59 (37.1%) 43 (35.8%) 16 (41.0%) 0.56
Diabetes mellitus (N, %) 52 (31.9%) 35 (28.5%) 17 (42.5%) 0.10
Cardiovascular disease (N, %) 33 (20.2%) 23 (18.7%) 10 (25.0%) 0.39
Stroke (N, %) 16 (9.8%) 10 (8.1%) 6 (15.0%) 0.20
Antihypertensive agents (N) 3.0 [2.0, 4.0] 3.0 [2.0, 4.0] 3.0 [2.0, 4.0] 0.58
Alpha-blocker (N, %) 22 (13.5%) 18 (14.6%) 4 (10.0%) 0.46
Beta-blocker (N, %) 105 (64.4%) 80 (65.0%) 25 (62.5%) 0.77
Central agonists (N, %) 39 (23.9%) 26 (21.1%) 13 (32.5%) 0.14
Potassium-wasting diuretics (N, %) 69 (42.3%) 54 (43.9%) 15 (37.5%) 0.48
Potassium-sparing diuretics (N, %) 10 (6.1%) 9 (7.3%) 1 (2.5%) 0.27
RAAS inhibitors (N, %) 87 (53.4%) 61 (49.6%) 26 (65.0%) 0.09
Calcium channel blocker (N, %) 113 (69.3%) 92 (74.8%) 21 (52.5%) 0.008
Other antihypertensives (N, %) 9 (5.5%) 7 (5.7%) 2 (5.0%) 0.87
Potassium replacement (N, %) 63 (38.7%) 55 (44.7%) 8 (20.0%) 0.005
M
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PA, primary aldosteronism; LRH, low renin essential hypertension; BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; eGFR, estimated glomerular
filtration ratio; PAC, plasma aldosterone concentration; PRA, plasma renin activity; DRC, direct renin concentration; ARR, aldosterone-to-renin ratio; RAAS, renin-angiotensin-aldosterone
system; MRA, mineralocorticoid receptor antagonist. RAAS inhibitors include angiotensin-converting enzyme inhibitors and angiotensin receptor blockers. Continuous variables are shown
as median [interquartile range].
A B C

FIGURE 2 | Cumulative rates of target renin achievement during MRA therapy. MRA, mineralocorticoid receptor antagonist; PA, primary aldosteronism; LRH,
low-renin essential hypertension; W, weeks; M, months; Y, year. Changes of target renin rates in all participants (A, n=163), PA patients (B, n=123), and LRH
patients (C, n=40) during follow-up after initiation of MRA. Patients who reached target renin are shown in black bars, those who continued to have suppressed renin
in white bars, and those in whom renin was not assessed in grey bars.
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Safety and Side Effects of MRA Therapy
Overall, serum potassium concentrations increased (from 3.8
[3.5, 4.2] to 4.3 [4.1, 4.6] mM, p<0.001 for all) during MRA
treatment. The percentage of patients taking potassium
replacement therapy decreased from 39% to 23% (p<0.001),
and 21 (13%) patients developed hyperkalemia (Supplemental
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Table). Of the latter, 16 (76%) patients had chronic kidney
disease (CKD), and 12 (57%) were concurrently treated with
RAAS inhibitors. Overall, eGFR decreased, from 81 [64, 94]
prior to MRA initiation to 69 [57, 83] mL/min/1.73m2

(p<0.001) at the last follow-up visit. The changes in eGFR
and renin were inversely associated in PA (r=-0.3022, p=0.002,
TABLE 2 | Comparison of patients with and without target renin following MRA therapy.

Variables Target renin Suppressed renin p

A. PA patients
N 49 74
Age (years) 59 [51, 67] 54 [44, 62] 0.01
Women (N, %) 22 (44.9%) 27 (36.5%) 0.35
BMI (kg/m2) 33.6 [29.9, 36.8] 32.7 [28.3, 35.9] 0.35
SBP (mmHg) 155 [137, 172] 143 [126, 156] 0.01
DBP (mmHg) 84 [78, 90] 82 [72, 92] 0.41
Serum potassium (mM) 3.9 [3.6, 4.3] 3.7 [3.4, 4.0] 0.001
eGFR (mL/min/1.73m2) 84 [68, 96] 80 [63, 90] 0.38
PAC (ng/dL) 19.4 [15.9, 27.3] 22.0 [16.4, 30.8] 0.30
PRA (ng/mL/hr) [N=99] 0.3 [0.1, 0.6] 0.2 [0.1, 0.6] 0.33
DRC (pg/mL) [N=24] 2.1 [2.1, 5.1] 2.1 [2.1, 2.1] 0.50
ARR (ng/dL per ng/mL/h) 66.3 [38.3, 113.5] 100.2 [41.0, 210.0] 0.10
Confirmed unilateral PA cases (N, %) 5 (10.2%) 20 (27.0%) 0.02
Antihypertensive agents (N) 3.0 [1.0, 4.0] 3.0 [2.0, 4.0] 0.75
Beta-blocker (N, %) 25 (51.0%) 55 (74.3%) 0.008
Potassium replacement (N, %) 21 (42.9%) 34 (45.9%) 0.74
Cardiovascular disease (N, %) 8 (16.3%) 15 (20.3%) 0.58
Follow-up duration (days) 182 [78, 342] 164 [66, 342] 0.79
MRA dosage at the last visit (mg/day) 50.0 [25.0, 81.3] 31.3 [25.0, 50.0] 0.002
MRA-related side effect (N, %) 16 (32.7%) 25 (33.8%) 0.64
Serum potassium at the last visit (mM) 4.4 [4.2, 4.7] 4.2 [3.9, 4.5] 0.01
eGFR at the last visit (mL/min/1.73m2) 66 [56, 80] 72 [60, 91] 0.08
PAC at the last visit (ng/dL) [N=82] 32.1 [23.5, 48.0] 28.7 [20.4, 38.6] 0.14
PRA at the last visit (ng/mL/h) [N=92] 2.3 [1.3, 5.9] 0.3 [0.2, 0.6] <0.001
DRC at the last visit (pg/mL) [N=14] 15.0 [12.9, 26.5] 2.5 [2.1, 4.4] <0.001
ARR at the last visit (ng/dL per ng/mL/h) [N=82] 15.4 [8.7, 20.4] 76.0 [44.3, 128.1] <0.001
B. LRH patients
N 21 19
Age (years) 47 [36, 68] 59 [50, 64] 0.24
Women (N, %) 10 (47.6%) 17 (89.5%) 0.005
BMI (kg/m2) 35.4 [29.7, 40.9] 30.2 [26.6, 35.6] 0.08
SBP (mmHg) 157 [143, 174] 160 [130, 184] 0.50
DBP (mmHg) 87 [80, 98] 83 [72, 106] 0.84
Serum potassium (mM) 4.0 [3.5, 4.2] 3.9 [3.5, 4.3] 0.71
eGFR (mL/min/1.73m2) 77 [58, 95] 87 [75, 103] 0.26
PAC (ng/dL) 11.0 [8.6, 16.4] 11.3 [8.3, 17.3] 0.94
PRA (ng/mL/hr) [N=23] 0.6 [0.3, 0.7] 0.2 [0.1, 0.4] 0.04
DRC (pg/mL) [N=17] 2.7 [2.1, 6.6] 2.3 [2.1, 3.9] 0.79
ARR (ng/dL per ng/mL/h) 25.8 [13.6, 38.4] 36.1 [25.5, 58.8] 0.11
Antihypertensive agents (N) 3.0 [1.8, 4.0] 3.0 [2.0, 3.8] 0.72
Beta-blocker (N, %) 8 (38.1%) 7 (36.8%) 0.93
Potassium replacement (N, %) 4 (19.0%) 4 (21.1%) 0.87
Cardiovascular disease (N, %) 6 (28.6%) 4 (21.1%) 0.58
Follow-up duration (days) 80 [31, 160] 76 [37, 184] 0.99
MRA dosage at the last visit (mg/day) 25.0 [25.0, 50.0] 25.0 [25.0, 50.0] 0.84
MRA-related side effect (N, %) 6 (28.6%) 3 (15.8%) 0.33
Serum potassium at the last visit (mM) 4.5 [4.2, 4.9] 4.2 [4.0, 4.4] 0.02
eGFR at the last visit (mL/min/1.73m2) 65 [43, 94] 75 [60, 82] 0.25
PAC at the last visit (ng/dL) [N=82] 19.0 [14.3, 26.5] 13.4 [8.5, 18.5] 0.02
PRA at the last visit (ng/mL/h) [N=92] 2.6 [1.5, 5.4] 0.3 [0.2, 0.5] <0.001
DRC at the last visit (pg/mL) [N=14] 19.7 [18.4, 77.0] 3.1 [2.2, 3.4] <0.001
ARR at the last visit (ng/dL per ng/mL/h) [N=82] 5.9 [1.9, 17.4] 47.0 [25.7, 54.0] <0.001
March 2021 | Volume 12 | Article
PA, primary aldosteronism; LRH, low renin essential hypertension; BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; eGFR, estimated glomerular
filtration ratio; PAC, plasma aldosterone concentration; PRA, plasma renin activity; DRC, direct renin concentration; ARR, aldosterone-to-renin ratio; MRA, mineralocorticoid receptor
antagonist. Continuous variables are shown as median [interquartile range].
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Supplemental Figure 2), but not in LRH patients (data
not shown).

Gynecomastia and/or breast tenderness occurred in 21 (13%)
patients taking spironolactone, at doses between 25-200 mg daily
(Supplemental Table). Other side effects associated with
spironolactone included: acute elevation of creatinine, irregular
vaginal bleeding, and decreased libido (Supplemental Table).
The incidence of side effects was similar between patients with
and without PA (33% vs. 23%, p=0.20). Overall, side effects
occurred after a median follow up of 91 days and while taking
MRA doses between 12.5-400 mg/day. In 17 patients (34%),
spironolactone was changed to eplerenone, and 9 other patients
(18%) stopped or reduced the doses of spironolactone.
DISCUSSION

Although MRAs have been used primarily for blood pressure
control in patients with PA and resistant hypertension (31), recent
data indicate that the risk of cardio-renal complications is reduced
only in patients with adequate MR blockade, as suggested by
reversal of renin suppression (17, 18). Several noteworthy findings
emerge from this study of clinical practice patterns in an academic
center, with a large volume of patients with hypertension: 1) a very
small fraction of patients with hypertension are treated with
MRAs; 2) in very few patients treated with MRAs the dose is
titrated based on renin targets; 3) only 43% of patients with PA
and other LRH treated with MRAs reached target renin after one
year of treatment. These findings suggest that a large proportion of
patients with hypertension are exposed to preventable risk of
cardiovascular and renal morbidity and even death.

While patients with unilateral PA can be cured with surgery,
patients with bilateral PA or those who do not undergo unilateral
adrenalectomy require life-long medical management. In the
absence of selective aldosterone synthase inhibitors, MRAs are
the first line of treatment for all non-surgical PA cases (13).
Evidence from cohort studies of patients with PA and essential
hypertension suggests that, overall, PA patients treated with
MRAs have an excess risk of developing atrial fibrillation and
renal insufficiency as compared to those treated surgically or
patients with essential hypertension with similar baseline blood
pressure and risk factors (4, 18). The excessive risk of
cardiovascular events and even mortality appeared to be
annulled in patients treated with MRA doses that allowed
renin elevations above 1 mg/L/h (17). MRAs are also highly
Frontiers in Endocrinology | www.frontiersin.org 639
effective add-on therapies for controlling resistant hypertension
cases (19, 25), likely due to the high prevalence of unrecognized
PA and other LRH (3). Moreover, mounting evidence suggests
that PA spans a hormonal and clinical continuum, and that some
cases of LRH might represent early stages of PA (32, 33). Yet,
MRAs are prescribed infrequently. In line with previous data (34,
35), only 5% of all hypertensive patients and less than 10% of
those diagnosed with hyperaldosteronism were prescribed MRAs
in our cohort. Furthermore, of those who received MRAs, renin
goals were followed in a minority of patients and were achieved
in under half of the latter subgroup.

In addition to the lack of awareness regarding the benefits of
MRA treatment in patients with low-renin hypertension,
concerns about hyperkalemia might limit their broader use.
The risk of hyperkalemia increases in patients with renal
insufficiency. PA is associated with intravascular volume
expansion and glomerular hyperfiltration. In such patients,
correction of the hyperaldosteronism, either by surgery or
medical treatment with MRA, can unmask underlying CKD,
by reinstalling normal intravascular volume states (36, 37).
Adrenalectomy for aldosterone-producing adenomas leads to a
decline in eGFR by 11 to 15 mL/min/1.73m2, and increase the
proportion of apparent CKD (37–39). Similarly, MRA therapy in
bilateral PA might cause a relatively acute fall of eGFR, but
contributes to long-term preservation of renal function (40, 41).
The inverse association between changes of renin and eGFR
observed in our study is in line with previous data. Taken
together these results indicate that eGFR should be carefully
monitored after MRA initiation, and that a mild decline in eGFR
should not prompt MRA discontinuation, as cardio-protective
benefits occur with long-term MRA therapy.

Simultaneously with the escalation of MRA doses, adjustments
of other medications that influence eGFR and/or serum potassium
concentrations are essential to prevent hyperkalemia while
attempting to reverse renin suppression. In order to reduce the
risk of hyperkalemia, discontinuation of potassium supplements
and reduction of RAAS inhibitors must be anticipated when
suppressed renin renders intensification of MRA therapy. In our
study, 21 patient developed hyperkalemia, and of these, 57% were
concomitantly taking angiotensin converting enzyme inhibitors or
angiotensin receptor blockers, and 76% had CKD.

In addition to the impact of potassium and renal function,
concomitant drugs that interfere with RAAS might alter the time
to achieving goal renin levels (13, 42). In particular, beta-blockers
decrease both renin activity and concentration by blocking
TABLE 3 | Factors associated with target renin achievement during MRA therapy.

b SE p Odds ratio 95% CI

A. PA patients
Serum potassium at baseline (mM) 1.67 0.48 <0.001 5.32 2.07-16.68
Beta-blocker use
(Reference: no use)

-1.29 0.44 0.004 0.28 0.12-0.66

MRA dose (mg/day) 0.02 0.0056 0.002 1.018 1.01-1.03
B. LRH patients
Sex (Reference: women) 2.24 0.87 0.01 9.35 1.71-51.03
M
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PA, primary aldosteronism; LRH, low renin essential hypertension; MRA, mineralocorticoid receptor antagonist; SE, standard error; CI, confidence interval. Serum potassium, beta-blocker
use and MRA daily dosage in PA and sex in LRH were chosen for multiple logistic regression analysis, using a backward stepwise selection.
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sympathetic stimulation (42, 43). Supporting these effects, our
study demonstrates that beta-blockers are associated with lower
odds of overcoming renin suppression during MRA treatment.
Beta-blockers are often used in patients with cardiac pathology,
including heart failure, coronary artery disease, and atrial
fibrillation or other tachyarrhythmias, and have survival
benefits in such patients (44, 45). Thus, clinical trials designed
to answer how to best manage patients with low renin
hypertension and cardiac history are greatly needed.

In addition to concerns related to polypharmacy, medication-
specific side effects can impact patients’ adherence to
recommended treatments. In this study, 14% of patients
experienced breast tenderness, breast enlargement and/or
sexual dysfunction while taking spironolactone. Spironolactone
was the first MRA developed and it has been commercialized
since the 1950s. While spironolactone is a potent MRA, it can
also block the androgen and progesterone receptors (46, 47),
which explain its side effect profile. Eplerenone has superior MR
selectivity and low propensity for gynecomastia (47, 48), but its
efficacy is lower than that of spironolactone (27, 28).
Nevertheless, prospective and retrospective studies have shown
that both MRAs are efficacious for blood pressure control and
reduction of morbidity and mortality associated with heart
failure (49–51). Consequently, eplerenone might offer an
advantage over spironolactone, particularly in men.

Our study has several limitations, including its retrospective
design, heterogeneity of concomitant antihypertensive regimens,
and variability in follow-up. In addition, due to the
overwhelming number of hypertensive patients and limitation
of our medical records search engine, it was not feasible to
determine the exact number of patients with resistant
hypertension. Nevertheless, extrapolating from existing data,
we speculate that a large number of patients who could benefit
from MRA are never prescribed these agents.

In summary, in this study of patients with hypertension seen
in a large academic center, including primary care and
hypertension-focused services, we found that MRAs are rarely
prescribed. Despite compelling evidence that inappropriate MR
activation enhances the risk of cardiorenal morbidity and
mortality, MRA titration to doses that overcome MR activation
and reverse renin suppression is pursued in a minority of
patients with PA and LRH, and is achieved in less than half
of those followed. Until large prospective longitudinal studies of
patients with PA and other low-renin hypertension will elucidate
the optimal parameters for guiding medical therapy titration,
incorporating renin targets within PA practice guidelines is likely
to benefit patient care.
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Introduction: Some aldosterone-producing micro-adenomas cannot be detected
through image inspection. Therefore, adrenal venous sampling (AVS) is often
performed, even in primary aldosteronism (PA) patients who have no apparent adrenal
tumors (ATs) on imaging. In most of these cases, however, the PA is bilateral.

Objective: To clarify the clinical need for AVS in PA patients without apparent ATs, taking
into consideration the rates of adrenalectomy.

Methods: This is a retrospective cross-sectional study assessing 1586 PA patients
without apparent ATs in the multicenter Japan PA study (JPAS). We analyzed which
parameters could be used to distinguish unilateral PA patients without apparent ATs from
bilateral patients. We also analyzed the prevalences of adrenalectomy in unilateral
PA patients.

Results: The unilateral subtype without an apparent AT was diagnosed in 200 (12.6%) of
1586 PA patients. Being young and female with a short hypertension duration,
normokalemia, low creatinine level, low plasma aldosterone concentration, and low
aldosterone-to-renin ratio (ARR) was significantly more common in bilateral than
unilateral PA patients. If PA patients without apparent ATs were female and
normokalemic with a low ARR (<560 pg/ml per ng/ml/h), the rate of unilateral PA was
only 5 (1.1%) out of 444. Moreover, 77 (38.5%) of the 200 did not receive adrenalectomy,
despite being diagnosed with the unilateral subtype based on AVS.

Conclusion: The low prevalence of the unilateral subtype in PA patients without apparent
ATs suggests AVS is not indicated for all of these patients. AVS could be skipped in female
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normokalemic PA patients without apparent ATs if their ARRs are not high. However, AVS
should be considered for male hypokalemic PA patients with high ARRs because the rates
of the unilateral subtype are high in these patients.
Keywords: adrenalectomy, adrenal venous sampling, cardiovascular disease, hyperaldosteronism,
primary aldosteronism
INTRODUCTION

Primary aldosteronism (PA) is characterized by inappropriate
aldosterone production leading to renin suppression, which, if
prolonged and severe, may in turn lead to hypertension and
hypokalemia. The reported prevalence of PA varies, but recent
studies suggest it accounts for about 6% of patients with
hypertension (1). The etiologies of PA include two main
subtypes diagnosed through adrenal venous sampling (AVS):
unilateral, which is often treated surgically, and bilateral, which is
most often treated medically (2). Aldosterone is reported to do
substantial damage to cardiovascular organs under conditions of
high salt intake (3), and previous clinical studies have reported
that the prevalence of cardiovascular disease (CVD) was higher
in PA patients than patients with essential hypertension (4). In
particular, among patients with unilateral PA, which is often
caused by an aldosterone producing adenoma, the prevalence of
CVD is reportedly higher than among those with bilateral PA
(4). And because unilateral PA patients can be treated with
adrenalectomy, a diagnosis of PA subtype is relevant.

However, aldosterone-producing micro-adenomas are not
always detected through image inspection, necessitating the use
of AVS (5, 6). Although AVS is the most reliable method for
accurate determination of PA subtype, it has several limitations,
including its high cost, invasiveness, associated radiation
exposure, and technical difficulty (7–10). On the other hand,
probably because PA screening has become more popular, AVS
is often performed proactively, even in PA patients without
resistant hypertension, a high plasma aldosterone concentration
(PAC) or hypokalemia. Consequently, the rate at which PA
patients are being diagnosed with unilateral PA on AVS is on the
decline and is only about 30% in the multicenter Japan PA study
(JPAS) database (11). There is thus a need to be cautious about the
indication for AVS in PA patients, especially those without ATs.

In the present study, we analyzed which parameters could be
used to distinguish unilateral PA patients without ATs from
bilateral patients. We also assessed the rate of adrenalectomy in
unilateral PA patients.
MATERIALS AND METHODS

Study Design and Patients
This study was conducted as a part of the JPAS and was a
retrospective cross-sectional analysis. A nation-wide PA registry
has been established at 40 centers in Japan, including 21 university
hospitals and 19 city hospitals. We used a dataset valid as ofMarch
2019. PA patients who were diagnosed and underwent AVS
n.org 244
between January 2006 and January 2019 were enrolled. Patients
eligible for enrollment in the JPAS were men and women aged 20-
90 years. Patients whom the investigators deemed unsuitable were
excluded. The clinical characteristics, biochemical findings, results
of confirmatory testing, imaging findings, AVS results, treatments,
surgical findings, and related follow-up data were electronically
collected using the WEB registry system. System construction,
data security, and maintenance of the registered data were
outsourced to EPS Corporation (Tokyo, Japan). The data that
support the findings of this study are available from the
corresponding author upon reasonable request.

From among 4050 PA patients, 1586 were ultimately included
in the present study. The reasons for exclusion of the other 2464
patients were as follows: the patient lacked imaging data or the
imaging revealed an apparent AT (n=2099); AVS was without
ACTH stimulation or was unsuccessful, which means there was a
low selectivity index or no data on the selectivity index (n=285);
or there was not enough data for analysis (n=80).
Diagnosis of PA
The diagnosis of PA was made in accordance with guidelines
from the Japan Endocrine Society and the Japan Society of
Hypertension (12, 13). PA was diagnosed based on positive
case detection when the ratio of the PAC (measured in pg/mL)
to the plasma renin activity (PRA) (measured in ng/mL per h)
was greater than 200, or when the ratio of the PAC to the active
renin concentration (ARC) (measured in pg/mL) was greater
than 40 and there was a positive result from at least one
confirmatory test, such as the captopril-challenge test, saline-
infusion test, furosemide-upright test, or the oral salt-loading
test. Antihypertensive medications were usually changed to Ca2+

channel blockers and/or a−adrenergic blockers, as appropriate,
until a final diagnosis was made.
Subtype Diagnosis
A diagnosis of the PA subtype was made based on an AVS with
ACTH (Cosyntropin) stimulation, the procedures for which have
been described elsewhere (14). Adrenal vein cannulation was
defined as successful if the selectivity index was greater than five
(6). The selectivity index was defined as the ratio of the cortisol
concentration in the adrenal vein to that in the inferior vena
cava. The unilateral PA subtype was diagnosed when the
lateralization index was greater than four. The bilateral PA
subtype was diagnosed when the lateralization index was equal
to or lower than four. The lateralization index was calculated by
dividing the aldosterone-to-cortisol ratio on the dominant side
by that on the non-dominant side.
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Adrenal Lesions on Image Inspection
The findings on CT scans were evaluated by radiologists at each
institution. An apparent nodule on a CT scan was deemed to be a
nodule if it was greater than or equal to 10 mm in diameter
following a previous report (15). The appearance was determined
to be bilateral normal if the size of the nodule or thickness of
adrenal gland was less than 10 mm on both sides.

Measurements
We collected data on age, sex, smoking habits, drinking habits,
hypertension duration, body mass index (BMI), systolic blood
pressure (SBP), diastolic blood pressure (DBP), proportion taking
oral K+, and various blood tests (K+, creatinine, estimated
glomerular filtration rate (eGFR), aldosterone-to-renin ratio
(ARR), PAC, PRA, fasting blood sugar (FBS), HbA1c (NGSP),
total cholesterol (TC), triglyceride (TG), high density lipoprotein
(HDL) and low density lipoprotein (LDL)). eGFR was calculated
using the following equation: eGFR (mL/min/1.73m2) = 194 x
serum creatinine-1.094 x age-0.287 x 0.739 (if female) (16). Low eGFR
was determined as eGFR <60 mL/min/1.73m2. Hypokalemia was
considered to be present if serum K+ was ≤3.5 mEq/L or when the
patient was taking a K+ supplement at the diagnosis of PA. Oral K+

was administered if hypokalemia was present.
We also investigated the prevalences of clinical complications

such as diabetes mellitus (DM), dyslipidemia, proteinuria, and CVD.
Diagnoses of DM and dyslipidemia were made at each institution
according to those guidelines (17, 18). The prevalence of proteinuria
was defined as +, 2+ or 3+ protein in urinalyses. CVD included
stroke (cerebral infarction, cerebral hemorrhage and subarachnoid
hemorrhage), ischemic heart disease (myocardial infarction and
angina pectoris), and heart failure requiring hospitalization for
treatment. Stroke was confirmed by neurologists and ischemic
heart disease was confirmed by cardiologists.

Assay Methods
PACs were measured using commercial ly available
radioimmunoassays or chemiluminescent enzyme immunoassays.
The reference range for PACs with patients in a supine position was
30-159 pg/mL (SPAC-S Aldosterone kits, Fuji Rebio, Co., Ltd,
Tokyo, Japan) at 37 centers and 30-159 pg/mL (Accuraseed
Aldosterone, FUJIFILM Wako Pure Chemical Corporation,
Osaka, Japan) at 3 centers. PRA was measured using a
radioimmunoassay or enzyme immunoassay. The reference range
for PRA with patients in a supine position was 0.3-2.9 ng/mL/h
(PRA-FR RIA kits, Fuji Rebio, Co., Ltd, Tokyo, Japan) at 23 centers,
0.2-2.3 ng/mL/h (PRA EIA kits, Yamasa, Co., Ltd, Choshi, Japan) at
13 centers, and 0.2-2.7 ng/mL/h (PRA RIA kits, Yamasa, Co., Ltd,
Choshi, Japan) at 3 centers. Plasma ARCs were measured using a
chemiluminescent enzyme immunoassay (Accuraseed Renin
(ARC), FUJIFILM Wako Pure Chemical Corporation, Osaka,
Japan) at 1 center. The reference range for ARCs with patients in
a supine position was 2.5-21.4 pg/mL.

Statistical Analysis
Stata/SE ver. 14 software developed by StataCorp® was used for
statistical analyses. All data are expressed as the mean ± SD for
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normally distributed variables and as the median (25th to 75th
percentile) for variables not normally distributed. Sex, smoking
habits, drinking habits, proportion taking oral K+, hypokalemia,
proteinuria, and histories of DM, dyslipidemia, and CVD were
considered to be binary variables. Student’s t test or the Mann-
Whitney U test was used to compare quantitative variables.
Pearson’s c2 test was used for categorical parameters. Cuzick’s
non-parametric test was used for trends across ordered groups.
Values of P <0.05 were considered to indicate significant
differences. Logistic regression analysis was performed to
determine which parameters correlated with unilateral PA after
adjusting for the patients’ backgrounds. Odds ratios (ORs) for
unilateral PA were expressed as OR ± 95% confidence interval. In
the logistic regression analysis, we included parameters that
significantly differed between unilateral and bilateral PA patients
in the univariate analyses and did not significantly correlate with
each other. We also checked the correlations among these
parameters using the Spearman rank correlation test to avoid
multicollinearity. We considered that multicollinearity could
occur when the Pearson’s or Spearman’s correlation coefficient
r >0.4 and P <0.05. In the analysis of accuracy of unilateral PA
diagnosis, the optimal receiver operating characteristic (ROC)
curve cutoff point for each parameter was determined using the
maximum Youden index. The Youden index was calculated by
subtracting 1 from the sum of the sensitivity and specificity.

Ethics
The study was conducted in accordance with Declaration of
Helsinki Guidelines and the guidelines for clinical studies
published by the Ministry of Health and Labor, Japan, and was
approved by the ethics committee of the National Hospital
Organization Kyoto Medical Center as the project-leading
center and by the institutional ethics committees of the
participating centers. This observational study was registered
as UMIN ID 18756. This study was performed using an opt-out
methodology. The opt out option was presented on the website
and as a notice in a prominent place at each center.
RESULTS

Comparison of Bilateral and Unilateral
PA Cases
Among the 1,586 PA patients without apparent ATs enrolled in
the JPAS study, 200 were diagnosed with unilateral PA and 1386
were diagnosed with bilateral PA (Figure 1; Table 1). There were
more women in the bilateral PA group than in the unilateral PA
group. In addition, significant differences were found between
the two groups with respect to age, drinking habits, hypertension
duration, serum creatinine level, TC, HDL and the rate of
proteinuria. The prevalences of low eGFR and CVD were
higher among unilateral than bilateral PA patients. SBP, DBP,
history of smoking, TG, LDL, FBS, HbA1c, eGFR, and the rates
of DM and dyslipidemia were similar between the two groups.
Among the aldosterone-related parameters, PAC, ARR, and the
rate of hypokalemia were significantly higher and the serum K+
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level and PRA were significantly lower among unilateral than
bilateral PA patients.

Accuracy of Unilateral PA Diagnosis With
Each Parameter
We next assessed the rates of unilateral PA, taking into
consideration age, hypertension duration, serum creatinine level,
serum K+ level, ARR, and PAC (Table 2). Cuzick’s non-parametric
test for trend demonstrated that the prevalence of unilateral PA
patients significantly increased as age, serum creatinine level, ARR
or PAC increased or serum K+ decreased. We also used ROC curve
analysis to calculate the optimal thresholds for these parameters.
The optimal cutoff value in each parameter and its sensitivity,
specificity, and likelihood ratio (LR) for distinguishing unilateral
from bilateral PA are shown in Table 3. Serum K+, ARR and PAC
had higher positive LRs than age, hypertension duration or serum
creatinine level. Among categorical parameters, male and
hypokalemia had low negative LRs, while hypokalemia, in
particular, had the highest positive LR among these parameters.

We also performed logistic regression analysis to determine
which parameter could contribute to a diagnosis of unilateral PA
after adjusting for variables showing significant differences in the
univariate analyses (Table 4). All parameters were independent
each other; however, because ARR potentially correlates with
PAC and PRA, we selected age, sex, drinking habits, creatinine,
hypokalemia, proteinuria, history of CVD, and ARR as
independent variables. In this logistic regression analysis, male,
long hypertension duration, hypokalemia, and high ARR
significantly increased the odds of having unilateral PA; that
means female, short hypertension duration, normokalemia, and
low ARR were independently more common among bilateral PA
patients than unilateral PA patients.

Efficiency of Diagnosing Unilateral PA
Based on Patients’ Backgrounds
We considered whether we could efficiently distinguish unilateral
PA patients without ATs from other patients based on the results
of the logistic regression analysis (Figure 2). For this analysis, we
FIGURE 1 | Patient selection criteria for inclusion in this study.
TABLE 1 | Backgrounds and clinical complications of patients with bilateral and
unilateral PA without apparent adrenal tumors.

Parameter Bilateral PA patients
n = 1386

Unilateral PA
patients n = 200

P

Age, years 51.8 ± 10.9 53.7 ± 11.3 0.022*
Sex, male, % 43.4 71.5 <0.001*
Body mass index, kg/
m2

25.2 ± 4.1 25.3 ± 4.1 0.784

History of Smoking,
%

32.1 38.2 0.094

History of Drinking, % 52.0 61.3 0.017*
Systolic blood
pressure, mmHg

142.1 ± 17.3 141.8 ± 18.3 0.792

Diastolic blood
pressure, mmHg

87.9 ± 13.1 87.5 ± 13.0 0.676

Hypertension
duration, years

3 (1-10) 10 (4-18) <0.001*

Creatinine, mg/dl 0.73 ± 0.22 0.82 ± 0.23 <0.001*
EGFR, ml/min/1.73m2 79.4 ± 17.2 77.0 ± 21.1 0.087
Low eGFR, % 11.1 16.0 0.043*
Proteinuria, % 7.4 17.0 <0.001*
Total cholesterol,
mg/dl

198 ± 33 188 ± 33 <0.001*

Triglyceride, mg/dl 132 ± 82 123 ± 66 0.184
LDL, mg/dl 116 ± 29 112 ± 29 0.112
HDL, mg/dl 57 ± 17 54 ± 15 0.024*
Dyslipidemia, % 27.9 34.1 0.089
Fasting blood sugar,
mg/dl

106 ± 30 108 ± 29 0.446

HbA1c (NGSP), % 5.9 ± 1.0 5.8 ± 1.0 0.575
Diabetes mellitus, % 18.9 20.7 0.552
Serum K+, mEq/l 3.9 ± 0.4 3.5 ± 0.5 <0.001*
Hypokalemia, % 16.9 62.0 <0.001*
ARR, pg/ml per
ng/ml/h

420 (290-660) 772 (427-1529) <0.001*

PAC, pg/ml 156 (118-213) 228 (164-338) <0.001*
PRA, ng/ml/h 0.4 (0.2-0.6) 0.3 (0.2-0.5) <0.001*
Cardiovascular
disease, %

6.2 10.0 0.045*
Student’s t test was used to compare parametric variables. The Mann-Whitney U test was
used to compare nonparametric variables. Pearson’s c2 test was used for categorical
parameters. Asterisks (*) indicate significant differences (P <0.05). Hypokalemia was
considered to be present if K+ was ≤3.5 mEq/L or when a patient was taking a
potassium supplement. Low eGFR was defined as eGFR <60 ml/min/1.73m2. ARR,
aldosterone-to-renin ratio; EGFR, estimated glomerular filtration rate; HDL, high density
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did not select hypertension duration because it was unlikely that
the reported duration was sufficiently accurate due to memory
bias. When a PA patient without apparent ATs was female and
did not exhibit hypokalemia, her rate of unilateral PA was only
3.3%. Moreover, the rate decreased to only 1.1% when her ARR
was less than 560 pg/ml per ng/ml/h, which was the optimal cut-
off with the maximum Youden index calculated from the ROC
curve. In fact, only a single female unilateral PA patient
presented with no apparent ATs and laboratory tests showing
normokalemia and ARR less than 300 pg/ml per ng/ml/h. On the
other, when a PA patient without apparent ATs was male and
exhibited hypokalemia, his rate of unilateral PA was 44.3%,
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which increased 54.3% under the condition of ARR ≥560
pg/mL per ng/ml/h.

Clinical Outcomes in Unilateral PA
Patients Without Apparent ATs
Adrenalectomy was performed in 123 of the 200 PA patients
without apparent ATs. After adrenalectomy, unilateral PA patients
without apparent ATs who had postoperative data showed
significant improvement in systolic BP (142.2 ± 17.5 to 130.2 ±
15.1, P<0.001), diastolic BP (87.7 ± 11.4 to 81.1 ± 10.7, P<0.001),
serum K+ (3.4 ± 0.5 to 4.3 ± 0.3, P<0.001), and the number of
antihypertensive drugs (1.35 ± 0.78 to 0.99 ± 0.80, P<0.001) after 6
to 12months of follow-up. The pathological diagnoses in these 123
patients were as follows: 98 adenoma, 13 hyperplasia, 8 unable to
determine whether adenoma or hyperplasia, 3 normal, and 1
unknown. On the other, unilateral PA patients treated with
mineralocorticoid blockers also showed significant improvement
in systolic BP (145.2 ± 19.3 to 136.4 ± 15.4, P=0.006) and serum
K+ (3.6 ± 0.4 to 4.2 ± 0.5, P<0.001), but not in diastolic BP (87.2 ±
13.6 to 86.2 ± 11.5, P=0.590) after 6 to 12 months of follow-up.
TABLE 2 | Rates of unilateral PA patients without apparent adrenal tumors in
each parameter classified by quartile.

Parameter Rates of Unilateral PA (%) P

Age, years <43 10.9 0.022*
44-51 9.6
52-60 15.2
≥61 14.7

HT duration, years <1 5.5 <0.001*
1-3 7.0
4-9 12.3
≥10 23.7

Creatinine, mg/dL <0.6 8.1 <0.001*
0.6-0.70 8.2
0.71-0.83 12.3
≥0.84 21.6

Serum K+, mEq/l <3.6 34.2 <0.001*
3.6-3.8 10.7
3.9-4.0 7.4
≥4.1 5.1

ARR, pg/ml per ng/ml/h <298 6.0 <0.001*
298-442 7.1
443-742 11.2
≥743 26.2

PAC, pg/ml <123 2.6 <0.001*
123-161 9.5
162-225 12.6
≥226 25.4
Cuzick’s nonparametric test was performed to assess trends across ordered groups.
Asterisks (*) indicate significant differences (P <0.05). ARR, aldosterone-to-renin ratio; HT,
hypertension; PA, primary aldosteronism; and PAC, Plasma aldosterone concentration.
TABLE 3 | Optimal cutoff values for each parameter and its sensitivity, specificity and likelihood ratio distinguishing unilateral PA patients without apparent adrenal
tumors from bilateral PA patients.

Parameters Optimal Cutoff Value Sensitivity Specificity Positive Likelihood Ratio Negative Likelihood Ratio

Age, years 55 51.5 60.1 1.29 0.81
HT duration, years 8 93.7 15.2 1.10 0.42
Creatinine, mg/dL 0.74 64.5 58.5 1.55 0.61
Serum K+, mEq/L 3.7 78.9 61.5 2.05 0.34
ARR, pg/ml per ng/ml/h 559 68.0 66.7 2.04 0.48
PAC, pg/ml 223 53.0 77.9 2.39 0.60
Sex, male – 71.5 56.6 1.65 0.50
Low eGFR – 16.0 88.9 1.44 0.94
Proteinuria – 17.0 92.6 2.30 0.90
Hypokalemia – 62.0 83.1 3.67 0.46
CVD – 10.0 93.8 1.61 0.96
April 2021 |
For continuous variables, the optimal cutoff value was determined using the maximum Youden index calculated from the ROC curve. Hypokalemia was considered to be present if K+ was
≤3.5 mEq/L or when a patient was taking a potassium supplement. Low eGFR was defined as eGFR <60 ml/min/1.73m2. ARR, aldosterone-to-renin ratio; CVD, cardiovascular disease;
EGFR, estimated glomerular filtration rate; HT, hypertension; PA, primary aldosteronism; and PAC, plasma aldosterone concentration.
TABLE 4 | Odds ratios and 95% confidence intervals for each parameter to
distinguish unilateral PA patients without apparent adrenal tumors from bilateral
PA patients.

Parameter Odds
ratio

Standard
error

P 95% Coefficient
Interval

Age, years 0.992 0.010 0.414 0.974-1.011
Sex, male 2.899 0.752 <0.001* 1.743-4.822
History of Drinking 1.147 0.237 0.506 0.765-1.720
Hypertension
duration, years

1.045 0.012 <0.001* 1.022-1.069

Creatinine, mg/dL 1.092 0.648 0.882 0.342-3.491
Hypokalemia 5.028 0.994 <0.001* 3.413-7.407
ARR, pg/ml per ng/
ml/h

1.001 0.0001 <0.001* 1.0005-1.001

Proteinuria 1.278 0.374 0.403 0.720-2.269
Cardiovascular
disease

1.035 0.335 0.916 0.548-1.953
Volum
Asterisks (*) indicate significant differences (P <0.05). For the odds ratios, numerators are
the odds in the unilateral PA group; denominators are the odds in the bilateral PA group.
ARR, aldosterone-to-renin ratio and PA, primary aldosteronism.
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DISCUSSION

In the present study, only 200 (12.6%) of the 1586 PA patients
without apparent ATs were diagnosed with unilateral PA. Being
young and female with short hypertension duration,
normokalemia, a low creatinine level, low PAC, and low ARR
was significantly more common in bilateral than unilateral PA
patients. In particular, the rate of female normokalemic unilateral
PA patients without apparent ATs and with ARRs less than 560
pg/ml per ng/ml/h was only 1.1%, and only a single patient
(0.2%) had an ARR less than 300 pg/ml per ng/ml/h. Actually,
hypokalemia, high PAC and high ARR were more common in
unilateral than bilateral PA. This was especially true when PA
patients without apparent ATs were in the highest quartile for
PAC or ARR or in the lowest quartile for serum K+; for that
group the rate of unilateral PA was close to 30%. In previous
reports, sex, serum K+ level, eGFR, PAC, ARR and PAC after a
captopril-challenge test or saline-infusion test, and CT findings
for the adrenal glands were used to predict PA subtype (19–24).
For example, studies by Umakoshi et al. and Kobayashi et al.
emphasized normokalemic PA patients with bilateral normal
results on CT were highly likely to be bilateral PA patients (23,
24). These findings suggest AVS may not be necessary to detect
unilateral PA patients in all cases if we consider the patients’
Frontiers in Endocrinology | www.frontiersin.org 648
backgrounds. In our study, the sensitivities and specificities of
each parameter suggested sex, the serum K+ level, PAC and ARR
could be helpful indicators when assessing the need for AVS in
PA patients without apparent ATs. Therefore, among PA
patients without apparent ATs, AVS is needed for male
hypokalemic PA patients with a high ARR or PAC, given the
high rates of the unilateral PA subtype. Conversely, AVS may be
unnecessary for female normokalemic PA patients without high
ARR due to the low rate of the unilateral subtype among
that group.

A meta-analysis of PA patients has shown that, in Japan, men
comprise a smaller proportion than do women. However, in
other countries, men tend to comprise a higher proportion of PA
patients than do women (25). Genetic mutations associated with
development of aldosterone-producing adenomas have been
reported (26). In particular, ATP1A1 and CACNA1D mutations
have been found in men with small adenomas. In a recent study
reported by Sam et al., about 90% of men with PA did not have
apparent ATs (27). Therefore, in our study, the proportion of men
could have appeared larger because we only investigated patients
with unilateral PA patients without apparent ATs.

It has been reported that the unilateral PA subtype significantly
increases the adjusted odds ratios for CVD, and the incidence of
CVD among unilateral PA patients is significantly reduced by
FIGURE 2 | The prevalence of PA patients in each condition.
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adrenalectomy as compared to medical treatment (4, 28).
Furthermore, adrenalectomy was reported to lower blood
pressure in PA patients, improve their quality of life, and reduce
the incidences of DM and end stage renal disease as compared to
medical treatment (29–32). It may therefore be desirable to treat
unilateral PA patients with adrenalectomy, especially patients at
high risk of CVD. In this study, we found that adrenalectomy was
performed in 123 of the 200 PA patients without apparent ATs. In
other words, 77 of the 200 unilateral PA patients without apparent
ATs did not receive adrenalectomy, despite being diagnosed with
the unilateral subtype. In Adrenal Venous Sampling Stats in
Primary Aldosteronism (AVSTAT) study, about 70% of reasons
for not undergoing adrenalectomy in unilateral PA patients
depended on patient’s decision (33). In addition, some clinicians
decided against adrenalectomy in patients with unilateral PA
subtype because their blood pressure was well controlled, they
were normokalemic, and they did not have definite adrenal
tumors, most of these factors being known prior to AVS. In a
recent study, 40 of 70 patients with AVS-confirmed unilateral PA
and normal findings on adrenal imaging underwent
adrenalectomy; this proportion is not high and similar to that
found in our study (27). Even when their condition has been
adequately explained, some patients choose not to undergo
adrenalectomy after AVS. Another possible explanation for this
low proportion is that improvements in systolic BP and
hypokalemia were achieved by administering mineralocorticoid
blockers to some unilateral PA patients without apparent ATs.
However, the fact that adrenalectomy was not performed in about
40% of them suggests that for a substantial number of clinicians,
there are barriers to surgically treating patients without apparent
ATs unless patients have severe symptoms, like hypokalemia. In
the present study, adrenalectomy resulted in significant
improvement in hypertension and hypokalemia in unilateral PA
patients, even those without apparent ATs. Sam et al. reported that
31 of 36 (86%) PA patients without apparent ATs had complete or
partial responses (27). Therefore, adrenalectomy may be indicated
in unilateral PA patients without apparent ATs.

Our study has several limitations. This is a retrospective
cross-sectional study, which means the incidence of CVD
among PA patients is unknown. We only evaluated the data
from ACTH-stimulated AVS in this study, which means that
bilateral or unilateral diagnostic results may differ in some cases
when using the data from non-stimulated AVS. In this study, we
defined adrenal lesions greater than or equal to 10mm as
apparent nodules because it is difficult to detect lesions smaller
than 10mm in some cases. Therefore, it cannot be ruled out that
some patients in this study may have micro adenomas. In
addition, imaging was not performed in all of our PA patients,
which could introduce selection bias.
CONCLUSION

The percentage of unilateral PA patients without apparent ATs
was 12.6% and adrenalectomy was not performed in 38.5% of
those patients, which suggests AVS is not necessary for all PA
patients without apparent ATs. Especially in female PA patients
Frontiers in Endocrinology | www.frontiersin.org 749
without apparent ATs, AVS could be skipped if they do not have
hypokalemia and high ARR. On the other hand, male PA
patients with hypokalemia or a high PAC or ARR likely need
AVS, given the high prevalence of the unilateral PA subtype
among that group.
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Objectives: Patients with primary aldosteronism (PA) have cardiac remodeling due to
hemodynamic and non-hemodynamic causes. However, component analysis of cardiac
remodeling and reversal in PA patients is lacking. We investigated components of cardiac
remodeling and reversal after adrenalectomy in patients with aldosterone-producing
adenoma (APA).

Methods: This study prospectively enrolled 304 APA patients who received
adrenalectomy and 271 with essential hypertension (EH). Clinical, biochemical and
echocardiographic data were collected in both groups and 1 year after surgery in the
APA patients. The hemodynamic and non-hemodynamic components of left ventricular
(LV) remodeling were represented by predicted left ventricular mass index (LVMI) (pLVMI)
and inappropriately excessive LVMI (ieLVMI, defined as LVMI-pLVMI).

Results: After propensity score matching, 213 APA and 213 EH patients were selected.
APA patients had higher hemodynamic (pLVMI) and non-hemodynamic (ieLVMI)
components of LV remodeling than EH patients. In multivariate analysis, baseline pLVMI
was correlated with systolic blood pressure (SBP) and serum potassium, whereas ieLVMI
was correlated with log plasma aldosterone concentration but not blood pressure. Post-
operative echocardiography was available in 207 patents and showed significant
decreases in both pLVMI and ieLVMI after adrenalectomy. In multivariate analysis,
DpLVMI was correlated with SBP, DSBP, and pre-operative pLVMI, whereas DieLVMI
was correlated with Dlog aldosterone-to-renin ratio (ARR) and pre-operative ieLVMI.
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Conclusions: This study concluded that extensive cardiac remodeling in APA patients
occurs through hemodynamic and non-hemodynamic causes. Adrenalectomy can
improve both hemodynamic and non-hemodynamic components of LV remodeling.
Regressions of pLVMI and ieLVMI were correlated with decreases in blood pressure
and ARR, respectively.
Keywords: primary aldosteronism, aldosterone producing adenomas, aldosterone (ALDO), cardiac remodeling, left
ventricular hypertrophy (LVH), inappropriately excessive left ventricular mass
HIGHLIGHTS

We investigated cardiac remodeling and reversal after
adrenalectomy in 304 patients with aldosterone-producing
adenoma (APA) with 271 essential hypertension (EH) through
hemodynamic and non-hemodynamic components as predicted
left ventricular mass index (LVMI) (pLVMI) and inappropriately
excessive LVMI (ieLVMI). APA patients had higher pLVMI and
ieLVMI correlated with blood pressure and aldosterone. 207
APA patents showed decreased pLVMI and ieLVMI after
adrenalectomy with DpLVMI correlated with blood pressure
and DieLVMI correlated with Dlog aldosterone-to-renin ratio.
This study demonstrated improved cardiac remodeling in APA
patients through hemodynamic and non-hemodynamic causes
after adrenalectomy, which correlated with decreases in blood
pressure and ARR, respectively.
INTRODUCTION

Primary aldosteronism (PA) is a disease featuring excessive
endogenous aldosterone (1, 2). Previous studies and a recent
meta-analysis have reported an increased risk of cardiovascular
diseases and greater cardiac remodeling in PA patients compared
to those with essential hypertension (EH) (3, 4).

Cardiac remodeling is prognostic and linked to heart failure
progression (5). It manifests clinically as changes in size, shape,
and function of the heart, and is influenced by hemodynamic
load, neurohormonal activation and other factors (5). Left
ventricular hypertrophy (LVH) with increased cardiac mass is
the most common and well-studied type of cardiac remodeling,
and it has been clinically shown to be closely correlated to
systolic and diastolic function, and to further predict long-term
outcomes (6, 7).

Hypertension plays a key role in the hemostasis of
hemodynamics, is a well-known risk factor for LVH (8), and is
a major cause of LVH in patients with PA. However, PA with
elevated blood pressure has been shown to cause a higher degree
of LVH than hypertension itself, and an increased prevalence of
LVH has been reported in patients with PA compared to those
with EH after adjusting for blood pressure in previous
retrospective cohorts (3). In addition, small prospective studies
have demonstrated a higher incidence of LVH in PA patients than
in blood pressure-matched EH controls (9). Excessive endogenous
aldosterone has been reported to be another major cause of LVH,
however these studies have included confounders such as the
n.org 252
influence of blood pressure. Furthermore, the treatment of PA
with unilateral adrenalectomy effectively decreases blood pressure
and relieves aldosterone overproduction. Regression of LVH has
been observed in previous studies in association with decreases in
blood pressure and aldosterone or aldosterone-to-renin ratio
(ARR) (9–11), however which component contributes most has
yet to be clarified.

Inappropriate left ventricular mass is defined as the ratio
between measured and predicted left ventricular mass taking sex,
body size, and cardiac workload into account. It represents a
non-hemodynamic or neurohormonal cause of LVH, and it has
been reported to offer additional prognostic value in patients
with LVH (12, 13). A previous study reported different
distributions of inappropriate left ventricular mass among PA
and EH groups (14). Inappropriately excessive left ventricular
mass as a novel and promising parameter, the difference between
measured and predicted left ventricular mass, may provide
further information.

In this study, we compared measured, predicted, and
inappropriately excessive left ventricular mass between a
prospective cohort of patients with aldosterone-producing
adenoma (APA) and EH controls, and evaluated their
associations with cardiac remodeling and treatment response
after unilateral adrenalectomy. We further investigated the
pathogenesis of LVH due to hemodynamic and non-
hemodynamic causes.
MATERIALS AND METHODS

Participant Enrollment, Physiological and
Laboratory Measurements
We enrolled patients with PA and EH from October 2006 to
January 2016 from National Taiwan University Hospital. The PA
patients were all registered in the Taiwan Primary Aldosteronism
Investigation (TAIPAI) database (15). Detailed medical histories
were collected from every patient including demographic
characteristics and medications. EH was diagnosed according to
standard algorithms after a thorough survey of the medical history
and laboratory tests to exclude possible secondary hypertension.
Comprehensive evaluations including physiological and
laboratory studies and echocardiography were performed on
enrollment (baseline), and follow-up evaluations were performed
12 months later after adrenalectomy in the APA patients. Clinical
outcome of APA patients was classified as clinical cure and clinical
April 2021 | Volume 12 | Article 646097
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non-cure. Clinical Cure refers to clinical complete success with
normalization of BP with no antihypertensive medication use
which is identical to the definition of “completely clinically cured”
in the Primary Aldosteronism Surgical Outcomes (PASO)
Classification System (16). Clinical non-cure refers clinical
partial success and absent according to Primary Aldosteronism
Surgical Outcome (PASO) Classification System (16).

Physiological assessments of systolic blood pressure (SBP)
and diastolic blood pressure (DBP) were obtained using a
sphygmomanometer according to clinical guidelines. Plasma
aldosterone concentration (PAC) was measured using a
radioimmunoassay with a commercial kit (Aldosterone Maia
Kit; Adaltis Italia S.P.A., Bologna, Italy), and plasma renin
activity (PRA) was measured as the generation of angiotensin-I
in vitro using a commercially available radioimmunoassay kit
(Cisbio, Bedford, Massachusetts, USA). All antihypertensive
medications were discontinued for at least 21 days before
measuring plasma PRA and PAC as suggested in clinical
guidelines. Diltiazem and/or doxazosin were administered to
lower elevated blood pressure when clinically indicated.

This study was conducted in compliance with the Declaration
of Helsinki, and it was approved by the Institutional Review
Board of National Taiwan University Hospital (Taipei, Taiwan).
Informed consent was obtained from all individuals
before enrollment.

Diagnostic Criteria for Primary
Aldosteronism and Subtype Identification
The confirmation and diagnosis of PA and further identification
of APA were made according to previously published protocols
and algorithms (2, 17). Patients who met the following three
criteria were defined as having PA: (1) autonomous excess
aldosterone production with an ARR > 35; (2) a TAIPAI score
> 60%; and (3) post-saline loading PAC > 10 ng/dl, or PAC/PRA
> 35 (ng/dl)/(ng/ml per h) in a post-captopril test, or PAC > 6
ng/dl in a fludrocortisone suppression test (2). APA was
diagnosed in patients with PA and at least one of the following
three conditions: (1) adenoma on a computed tomography (CT)
scan for preoperative evaluation; (2) lateralization of aldosterone
secretion evidenced by adrenal vein sampling or dexamethasone
suppression NP-59 single photon emission computed
tomography (SPECT)/CT; and (3) pathologically proven
adenoma after surgery if the patients received an operation (2).
The choice of unilateral adrenalectomy or medical treatment
with mineralocorticoid receptor antagonists was discussed with
the APA patients, along with a pre-operational assessment. The
PA patients were enrolled after consenting to the surgery and if
they were physically suitable for adrenalectomy.

Echocardiographic Evaluation and Left
Ventricle Geometry Calculation
A standardized echocardiographic ultrasound system (SONOS
5500 HP-Philips or IE33, Philips, Andover, Massachusetts, USA)
was used, and transthoracic echocardiographic images were
obtained in fundamental imaging modes by experienced and
qualified technicians blind to the clinical diagnosis. M-mode
Frontiers in Endocrinology | www.frontiersin.org 353
measurements, two-dimensional imaging with standard views,
and Doppler ultrasonography were acquired in each patient.

Left ventricular (LV) dimensions, septal and posterior wall
thickness, and LVEF (M-mode) were measured via the
parasternal long axis view according to the guidelines of the
American Society of Echocardiography (18). Echocardiographic
measured LVmass index (LVMI) was calculated according to the
method of Devereux and Reichek: [LV mass = 1.04 x [(septal
thickness + LV end-diastolic diameter + posterior wall
thickness)3 - (LV end-diastolic diameter)3]-13.6] (19), then
indexed with body mass index. Predicted LVMI (pLVMI) was
estimated using a previously derived equation: predicted LVM =
55.37 + 6.64 x height2.7 + 0.64 x stroke work - 18.07 x gender
(where gender was scored as male=1 and female=2) (20). Left
ventricle volume was calculated using Tericholz’s formula, and
stroke work was calculated as SBP (in mmHg) x stroke volume x
0.0144 (14). Inappropriately excessive LVMI (ieLVMI) was
defined as: measured LVMI – predicted LVMI (21). LVH was
defined according to Devereux’s criteria: LVMI ≥ 134 g/m2 in
men and 110 g/m2 in women (22). The cut-off point of increased
relative wall thickness (RWT) was set as 0.42, and LV
morphology was classified (18). Concentric hypertrophy was
defined as the presence of LVH and increased RWT; eccentric
hypertrophy was defined as the presence of LVH without
increased RWT; concentric remodeling was defined as the
absence of LVH with increased RWT; and normal geometry
was defined as the absence of LVH without increased RWT (18,
22). In this study, “D” denotes the difference between pre-
operative and post-operative measurements calculated as the
post-operative value – pre-operative value.

Statistical Analysis
All continuous variables were expressed as mean ± SD if normally
distributed and as median with interquartile range if non-normally
distributed. The PA group and EH controls were matched using
propensity scorematching adjusted for age, sex, SBP,DBP, number
of antihypertensive medication types, hypertension history using
the Python-based extensions, FUZZY and PSM, in SPSS. All
continuous variables were compared across groups using the
Student’s t test (normally distributed) or the Wilcoxon rank-sum
test (non-normally distributed), while the paired sample t-test was
used if two groups were dependent. Categorical variables were
presented as counts and percentages and were compared using the
McNemar test. Equality of two proportions was assessed using the
Pearson chi-square test. Data of PAC, PRA, and ARR were log-
transformed due to non-normality as assessed using the
Kolmogorov–Smirnov test. Pearson’s correlation tests were
performed to determine correlations between LVMI/pLVMI/
ieLVMI and DLVMI/DpLVMI/DieLVMI and clinical parameters.
Significantdeterminants found in thePearson’s correlation test (p≦
0.05) were then examined using amultivariate linear regression test
with backward subset selection to identify independent factors
predicting LVMI/pLVMI/ieLVMI and DLVMI/DpLVMI/
DieLVMI. All statistical analyses were performed using SPSS for
Windows version 25.0 (SPSS Inc., Chicago, Illinois, USA). All tests
were two-tailed, and a p value of ≤ 0.05 was considered to indicate
statistical significance.
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RESULTS

Patient Characteristics and Demographics
In this study, we enrolled 304 patients with PA, all of whom had
APA, and 271 EH patients. The basic clinical characteristics of
the patients are listed in Table 1. More of the APA group were
female. In addition, the APA group had significantly higher SBP
and DBP, longer duration of hypertension, used more types of
antihypertensive medications, and had lower serum creatinine
and potassium levels than the EH group. Moreover, the APA
group had significantly higher serum PAC, lower PRA, and
higher derived ARR than the EH group, and the differences
remained after log-transformation. Other parameters were
Frontiers in Endocrinology | www.frontiersin.org 454
comparable between the two groups. The APA group used
more antihypertensive medications compared to the EH
controls, except for vasodilators and diuretics. After
propensity-score matching adjusting for age, sex, SBP and
DBP, duration of hypertension, and total number of
antihypertensive types, we successfully matched 213 APA
patients to 213 EH patient (Table 1). There were no significant
differences among the clinical characteristics of the two groups
except for lower PRA, log-transformed PRA, serum potassium
and creatinine levels, and higher PAC, log-transformed PAC,
ARR, and log-transformed ARR in the APA group. More of the
EH group used angiotensin receptor blockers and more of the
APA group used alpha-blockers, however there were no
TABLE 1 | Clinical characteristics of patients with primary aldosteronism and essential hypertension.

Unmatched data Propensity-score matching

Patient characteristics Primary
aldosteronism

(n = 304)

Essential
hypertension

(n = 271)

p
value

Patient characteristics Primary
aldosteronism

(n = 213)

Essential
hypertension

(n = 213)

p
value

Sex (Male), n (%) 132 (43.4%) 146 (53.9%) 0.012 Sex (Male), n (%) 102 (47.9%) 107 (50.2%) 0.628
Age (years) 50.9 ± 11.3 52.7 ± 14.9 0.109 Age (years) 51.3 ± 11.2 52.0 ± 13.8 0.592
Body height (cm) 162.5 ± 8.5 163.5 ± 9.6 0.163 Body height (cm) 163.1 ± 8.4 163.0 ± 9.9 0.935
Body weight (kg) 67.4 ± 14.0 69.2 ± 14.9 0.152 Body weight (kg) 67.8 ± 13.8 68.9 ± 15.2 0.417
BMI (kg/m2) 25.4 ± 4.0 25.7 ± 4.3 0.340 BMI (kg/m2) 25.3 ± 3.8 25.8 ± 4.3 0.258
BSA (m2) 1.72 ± 0.20 1.75 ± 0.22 0.063 BSA (m2) 1.73 ± 0.20 1.74 ± 0.22 0.429
HR (bpm) 73.0 ± 12.6 74.0 ± 13.6 0.399 HR (bpm) 72.8 ± 11.9 73.8 ± 13.2 0.448
SBP (mmHg) 154.1 ± 20.3 146.0 ± 21.7 <

0.001
SBP (mmHg) 149.7 ± 18.3 147.6 ± 21.7 0.279

DBP (mmHg) 91.8 ± 13.5 85.7 ± 13.7 <
0.001

DBP (mmHg) 88.5 ± 11.9 86.9 ± 13.5 0.201

Serum creatinine level (mg/dl) 0.92 ± 0.40 1.03 ± 0.57 0.008 Serum creatinine level (mg/dl) 0.91 ± 0.39 1.01 ± 0.58 0.044
Serum potassium level (mmol/dl) 3.52 ± 0.68 4.17 ± 0.41 <

0.001
Serum potassium level (mmol/dl) 3.56 ± 0.68 4.14 ± 0.41 <

0.001
PAC (ng/dl)a 44.92 (42.38) 32.46 (26.93) <

0.001
PAC (ng/dl)a 45.18 (42.40) 31.74 (25.20) <

0.001
PRA (ng/ml per h)a 0.21 (0.49) 2.00 (4.66) <

0.001
PRA (ng/ml per h)a 0.21 (0.50) 2.17 (5.30) <

0.001
ARRa 229.15 (745.14) 15.74 (39.65) <

0.001
ARRa 222.00 (741.50) 15.34 (33.00) <

0.001
Log-transformed PAC 1.68 ± 0.26 1.51 ± 0.25 <

0.001
Log-transformed PAC 1.67 ± 0.26 1.51 ± 0.25 <

0.001
Log-transformed PRA -0.75 ± 0.71 0.25 ± 0.71 <

0.001
Log-transformed PRA -0.75 ± 0.69 0.28 ± 0.70 <

0.001
Log-transformed ARR 2.43 ± 0.76 1.25 ± 0.72 <

0.001
Log-transformed ARR 2.42 ± 0.74 1.21 ± 0.72 <

0.001
Number of antihypertensive
medication type

2.2 ± 1.3 1.8 ± 1.1 <
0.001

Number of antihypertensive
medication type

2.0 ± 1.2 1.9 ± 1.1 0.643

Hypertension history (years) 8.0 ± 7.4 6.4 ± 7.8 0.016 Hypertension history (years) 7.1 ± 6.7 7.2 ± 8.1 0.897
Hypertension medication Hypertension medication
ACEI, n (%) 14 (4.6%) 4 (1.5%) 0.031 ACEI, n (%) 10 (4.7%) 4 (1.9%) 0.103
ARB, n (%) 119 (39.1%) 145 (53.5%) 0.001 ARB, n (%) 73 (34.3%) 130 (61.0%) <

0.001
Alpha-blocker, n (%) 74 (24.3%) 27 (10.0%) <

0.001
Alpha-blocker, n (%) 48 (22.5%) 25 (11.7%) 0.003

Beta-blocker, n (%) 120 (39.5%) 81 (29.9%) 0.016 Beta-blocker, n (%) 71 (33.3%) 63 (29.6%) 0.404
CCB, n (%) 217 (71.4%) 167 (61.6%) 0.013 CCB, n (%) 146 (68.5%) 142 (66.7%) 0.679
Vasodilator, n (%) 18 (5.9%) 15 (5.5%) 0.843 Vasodilator, n (%) 9 (4.2%) 13 (6.1%) 0.381
Diuretics, n (%) 31 (10.2%) 26 (9.6%) 0.809 Diuretics, n (%) 19 (8.9%) 24 (11.3%) 0.421
April 2021 | V
olume 12 | Article 6
Values are expressed as mean ± SD, median (interquartile range), or number (percentage).
ACEI, angiotensin-converting enzyme inhibitor; ARB, AT1 blocker; ARR, aldosterone–renin ratio; CCB, calcium channel blocker; PAC, plasma aldosterone concentration; PRA, plasma
renin activity.
aExpressed as median and interquartile range.
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significant differences in other antihypertensive medications
between the two groups.

Echocardiographic Comparison Between
APA and EH
Echocardiographic parameters were then compared between the
APA and EH groups before and after propensity score matching
(Table 2). Both before and after propensity score matching, the
APA group had a significantly higher LVMI, pLVMI, and
ieLVMI compared to the EH controls. In addition, the APA
group had significantly higher percentages of LVH and
concentric hypertrophy before and after matching.
Comparisons of LVMI, pLVMI, and ieLVMI between the APA
and EH groups after propensity-score matching are shown in
Figure 1.

Factors Affecting LVMI/pLVMI/ieLVMI in
the APA and EH Groups
Regression analysis of factors predicting LVMI/pLVMI/ieLVMI
in the study cohort are listed in Table 3. In multivariable
analysis, sex (b = - 0.158, p = 0.001), SBP (b = 0.151, p =
0.001), serum creatinine level (b = 0.199, p < 0.001), serum
potassium level (b = -0.133, p = 0.005), log-transformed PAC
(b = 0.141, p = 0.003), and number of antihypertensive
medication types (b = 0.134, p = 0.006) were independently
associated with LVMI. In addition, sex (b = - 0.270, p < 0.001),
SBP (b = 0.644, p < 0.001), DBP (b = -0.256, p < 0.001) and
potassium level (b = -0.158, p < 0.001) were independently
Frontiers in Endocrinology | www.frontiersin.org 555
associated with pLVMI, and the presence of PA (b = 0.131,
p = 0.008), body mass index (b = 0.143, p = 0.002), serum
creatinine level (b = 0.240, p < 0.001), log-transformed PAC
(b = 0.123, p = 0.012), and number of antihypertensive
medication types (b = 0.145, p = 0.003) were independently
associated with ieLVMI.

Clinical and Echocardiographic
Evaluations in the APA Patients Before
and After Adrenalectomy
Among the 304 APA patients, echocardiography data 12 months
after adrenalectomy were available in 207, and their clinical and
echocardiographic data are listed in Table 4. Significantly lower
SBP and DBP, and significantly higher serum potassium and
creatinine levels were noted after adrenalectomy. In addition, a
significantly lower number of antihypertensive types was
observed, along with significant decreases in PAC, log-
transformed PAC, ARR, and log-transformed ARR, and
significant increases in PRA and log-transformed PRA after
adrenalectomy. Interventricular septal diameter, left ventricular
posterior wall diameter and RWT decreased significantly after
adrenalectomy, whereas left ventricular end-diastolic diameter,
left ventricular end-systolic diameter and left ventricular ejection
fraction did not. There were also significant decreases in LVMI,
pLVMI, and ieLVMI after adrenalectomy. Changes in LVMI,
pLVMI and ieLVMI in the APA patients before and after
adrenalectomy are shown in Figure 2. The percentage of LVH
decreased significantly after adrenalectomy.
TABLE 2 | Echocardiographic features and Doppler-derived indexes of patients with primary aldosteronism and essential hypertension.

Unmatched data Propensity-score matching

Echographic parameters Primary aldosteronism
(n = 304)

Essential
hypertension

(n = 271)

p value Echographic parameters Primary
aldosteronism

(n = 213)

Essential
hypertension

(n = 213)

p
value

LVEDD (cm) 4.73 ± 0.48 4.64 ± 0.50 0.037 LVEDD (cm) 4.72 ± 0.49 4.66 ± 0.51 0.177
LVESD (cm) 2.84 ± 0.44 2.83 ± 0.52 0.801 LVESD (cm) 2.86 ± 0.45 2.81 ± 0.51 0.302
IVSD (cm) 1.19 ± 0.22 1.14 ± 0.23 0.012 IVSD (cm) 1.18 ± 0.22 1.14 ± 0.22 0.098
LVPWD (cm) 1.12 ± 0.18 1.08 ± 0.19 0.011 LVPWD (cm) 1.11 ± 0.18 1.07 ± 0.18 0.049
RWT 0.48 ± 0.08 0.47 ± 0.09 0.269 RWT 0.47 ± 0.08 0.46 ± 0.08 0.284
LVEF (%) 70.2 ± 7.6 69.2 ± 7.9 0.118 LVEF (%) 69.7 ± 8.0 69.7 ± 7.6 0.998
Transmitral E velocity (cm/s) 75.72 ± 19.44 76.82 ± 19.30 0.504 Transmitral E velocity (cm/s) 75.73 ± 19.42 76.88 ± 18.57 0.537
Transmitral A velocity (cm/s) 80.25 ± 18.06 80.72 ± 18.46 0.765 Transmitral A velocity (cm/s) 80.00 ± 17.96 80.43 ± 18.36 0.814
E deceleration time (ms) 212.7 ± 44.8 206.7 ± 52.9 0.159 E deceleration time (ms) 210.9 ± 42.8 206.0 ± 51.2 0.298
LVMI (g/m2) 142.04 ± 42.53 125.92 ± 39.00 <0.001 LVMI (g/m2) 139.17 ± 43.01 125.67 ± 36.32 0.001
Predicted LVMI (g/m2) 91.37 ± 17.37 84.22 ± 17.23 <0.001 Predicted LVMI (g/m2) 89.08 ± 15.77 85.47 ± 16.33 0.024
Inappropriately excessive
LVMI (g/m2)

50.67 ± 35.89 42.09 ± 35.19 0.006 Inappropriately excessive
LVMI (g/m2)

50.09 ± 35.97 39.99 ± 30.91 0.003

LVH, n (%) 199 (68.2%) 114 (44.7%) <0.001 LVH, n (%) 130 (64.4%) 90 (44.1%) <0.001
LV morphology, n (%) LV morphology, n (%)
Concentric hypertrophy,
n (%)

165 (56.5%) 95 (37.3%) <0.001 Concentric hypertrophy,
n (%)

109 (54.0%) 72 (35.3%) <0.001

Eccentric hypertrophy,
n (%)

34 (11.6%) 19 (7.5%) 0.098 Eccentric hypertrophy,
n (%)

21 (10.4%) 18 (8.8%) 0.591

Concentric remodeling,
n (%)

60 (20.5%) 85 (33.3%) 0.001 Concentric remodeling,
n (%)

45 (22.3%) 67 (32.8%) 0.017

Normal geometry, n (%) 33 (11.3%) 56 (22.0%) 0.001 Normal geometry, n (%) 27 (13.4%) 47 (23.0%) 0.012
April 2021 |
 Volume 12 | Article
Values are expressed as mean ± SD or number (percentage). IVSD, interventricular septal end diastole thickness; LAD, left atrial diameter; LADI, left atrial diameter index adjusted for BSA;
LVEDD, left ventricular end-diastolic diameter; LVEF, left ventricular ejection fraction; LVESD, left ventricular end-systolic diameter; LVH, left ventricular hypertrophy; LVM, left ventricular
mass; LVMI, left ventricular mass index; LVPWD, left ventricular posterior wall end diastole thickness; RWT, relative wall thickness.
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Comparison of the changes before and after operation of APA
according to clinical cure or clinical non-cure was demonstrated
in Supplements Table 1 and 2. Patients in clinical cure group
had less duration of hypertension and greater antihypertensive
medication reduction after adrenalectomy than patients in
clinical non-cure group. Patients in both groups had significant
reduction of SBP, DBP, PAC, and ARR while patients in clinical
cure group had more reduction than patients in clinical non-cure
group. Patients in both groups had significant reduction of LVMI
pLVMI and ieLVMI expect pLVMI in clinical non-cure group
which is borderline significant (p=0.058). The difference of
DLVMI between the two groups is borderline significant (p =
0.086). Patients in clinical cure group had significantly higher
DpLVMI than non-cure group (p<0.001). The difference of
DieLVMI between the two groups is not significant (p = 0.450).

Factors Affecting Changes in LVMI/pLVMI/
ieLVMI in the APA Patients
Regression analysis of factors predicting changes in LVMI/
pLVMI/ieLVMI after adrenalectomy among the APA group
are listed in Table 5. In multivariable analysis, SBP (b =
-0.244, p = 0.001), DSBP (b = 0.268, p < 0.001), Dlog-
transformed ARR (b = 0.199, p < 0.001) and pre-operative
LVMI (b = 0.687, p < 0.001) were significantly associated with
DLVMI; SBP (b = -0.411, p < 0.001), DSBP (b = 0.655, p < 0.001)
and pre-operative pLVMI (b = 0.561, p < 0.001) were
significantly associated with DpLVMI; and Dlog-transformed
ARR (b = 0.155, p = 0.004) and pre-operative ieLVMI (b =
0.664, p < 0.001) were significantly associated with DieLVMI.
DISCUSSION

There are five findings in this study. First, after propensity score
matching for age, sex, SBP, DBP, hypertension duration, and use
of antihypertensive, the APA patients had greater LVMI, pLVMI,
and ieLVMI, with more LVH compared to the EH patients.
Frontiers in Endocrinology | www.frontiersin.org 656
Second, LVMI was independently associated with SBP, number
of antihypertensive medication types, and log-transformed PAC,
while pLVMI (hemodynamic component of LV remodeling) was
associated with SBP, and ieLVMI was associated with log-
transformed PAC (non-hemodynamic component of LV
remodeling). Third, significant regressions of LVMI, pLVMI
and ieLVMI and reversal of LVH were observed after
adrenalectomy. Fourth, DLVMI was associated with SBP,
DSBP, and Dlog-transformed ARR, while DpLVMI was
associated with SBP, and DSBP and DieLVMI were associated
with Dlog-transformed ARR. These findings clearly showed the
factors associated with hemodynamic and non-hemodynamic
component of LV remodeling in PA patients, and the factors
associated with the regression of both components after
adrenalec tomy. Last , the s tudy demonstrates that
inappropriately excessive left ventricular mass (ieLVM) could
be a novel and promising parameter evaluating aldosterone-
induced non-hemodynamic left ventricular remodeling.

A previous meta-analysis reported that LVH identified by
ECG or echocardiography was highly prognostic and an
independent risk factor for cardiovascular outcomes (23). In
addition, regression of LVH after antihypertensive medication
has been associated with a significant reduction in cardiovascular
risk compared with persistent or new-onset LVH (24). Besides
being an initial step in clinical diseases, LV hypertrophy has also
been proposed to be a compensatory process for abnormal
loading conditions in studies taking pLVMI with gender,
cardiac loading condition, and body size into consideration (8,
20, 23, 25). Blood pressure has also been shown to be a central
factor for the onset and progression of LVH (7), however, many
nonhemodynamic factors have also been implicated in the
pathogenesis of hypertensive LVH (26). For example, LVMI
was related to plasma fibrinogen and aldosterone in EH patients
after adjusting age, blood pressure, and body mass index (27). In
another study, post-saline load plasma aldosterone is positively
related to left ventricular mass independent of blood
pressure (28).
A B C

FIGURE 1 | Comparisons of (A) LVMI, (B) predicted LVMI, and (C) inappropriately excessive LVMI between patients with aldosterone-producing adenoma and
essential hypertension after propensity score matching. APA, aldosterone-producing adenoma; EH, essential hypertension; LVMI, left ventricular mass index.
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An inappropriate increase in LVM, which is referred to as an
abnormal (non-compensatory) increase in LVM as opposed to a
normal (compensatory) LVM increase, has been reported to be
more strongly associated with more metabolic risk factors (29).
Previous studies have reported a higher cardiovascular risk in
individuals with inappropriate LVM even without traditionally
defined LVH (12, 13, 30), and the additional prognostic value of
changes in inappropriate LVM has been observed in those with
traditionally defined LVH (12, 13). Inappropriate LVM is thus an
ideal method to evaluate nonhemodynamic or neurohumoral
factors in the pathogenesis of LVH in patients with PA after
eliminating the influence of sex, body size, and cardiac workload
which is increased in PA because of elevated blood pressure.
Muiesan et al. in 2008 were the first to report a prospective cross-
sectional study comparing PA patients with EH controls to assess
Frontiers in Endocrinology | www.frontiersin.org 757
the non-hemodynamic effect of excessive aldosterone on LVM
(14). They found a higher prevalence of inappropriate LVM
among PA patients with traditionally defined LVH compared
with EH controls, and a trend of a higher prevalence of
inappropriate LVM among PA patients without traditionally
defined LVH. These findings provided evidence of an
aldosterone-induced increase in LVM exceeding the amount
needed to compensate for hemodynamic load.

Several previous studies have reported differences in LVMI
and LVH between PA and EH groups and improvements after
surgery or medications. Rossi et al. reported increased LV wall
thickness and LVMI with higher percentages of LVH and
concentric remodeling in PA patients compared to matched
EH controls, and that adrenalectomy markedly reduced LV
wall thickness and LVMI in APA patients (9). Catena et al.
TABLE 3 | Correlation study between LVMI, pLVMI, and ieLVMI and clinical parameters (after propensity-score matching adjusted for age, sex, SBP, DBP,
antihypertensive types, hypertension years) (n = 426).

Variable LVMI pLVMI ieLVMI

Univariate
regression

Multivariate
regression

Univariate
regression

Multivariate
regression

Univariate
regression

Multivariate
regression

b (95% C.I) p
value

b (95% C.I) p
value

b (95% C.I) p
value

b (95% C.I) p
value

b (95% C.I) p
value

b (95% C.I) p
value

Presence of PA 0.168 (0.071,
0.264)

0.001 0.112 (0.015,
0.209)

0.024 0.149 (0.053,
0.246)

0.003 0.131
(0.035,
0.227)

0.008

Sex (male) -0.262
(-0.356,
-0.168)

<
0.001

-0.158
(-0.252,
-0.063)

0.001 -0.300
(-0.393,
-0.206)

<
0.001

-0.270
(-0.350,
-0.190)

<
0.001

-0.168
(-0.264,
-0.071)

0.001

Age 0.023
(-0.074,
0.121)

0.640 0.025
(-0.073,
0.123)

0.620 0.019
(-0.079,
0.117)

0.698

BMI 0.095
(-0.002,
0.191)

0.057 -0.069
(-0.167,
0.028)

0.164 0.144 (0.047,
0.241)

0.004 0.143
(0.051,
0.236)

0.002

SBP 0.285 (0.191,
0.379)

<
0.001

0.151 (0.059,
0.241)

0.001 0.545 (0.463,
0.627)

<
0.001

0.644 (0.539,
0.750)

<
0.001

0.083
(-0.014,
0.181)

0.094

DBP 0.080
(-0.017,
0.177)

0.109 0.253 (0.158,
0.348)

<
0.001

-0.256
(-0.363,
-0.149)

<
0.001

-0.024
(-0.122,
0.074)

0.627

Serum creatinine level 0.284 (0.189,
0.377)

<
0.001

0.199 (0.100,
0.296)

<
0.001

0.162 (0.065,
0.259)

0.001 0.261 (0.167,
0.356)

<
0.001

0.240
(0.144,
0.337)

<
0.001

Serum potassium level -0.183
(-0.279,
-0.086)

<
0.001

-0.133
(-0.225,
-0.041)

0.005 -0.204
(-0.300,
-0.108)

<0.001 -0.158
(-0.237,
-0.079)

<
0.001

-0.123
(-0.220,
-0.025)

0.014

Log-transformed PAC 0.163 (0.066,
0.260)

0.001 0.141 (0.049,
0.232)

0.003 0.101 (0.003,
0.199)

0.043 0.141 (0.044,
0.238)

0.005 0.123
(0.027,
0.218)

0.012

Log-transformed PRA -0.130
(-0.227,
-0.032)

0.009 -0.101
(-0.199,
-0.003)

0.043 -0.107
(-0.205,
-0.009)

0.032

Log-transformed ARR 0.142 (0.044,
0.238)

0.004 0.104 (0.007,
0.202)

0.036 0.120 (0.022,
0.217)

0.016

Number of
antihypertensive
medication type

0.284 (0.190,
0.378)

<
0.001

0.134 (0.039,
0.228)

0.006 0.173 (0.076,
0.269)

<
0.001

0.259 (0.164,
0.354)

<
0.001

0.145
(0.048,
0.243)

0.003

Hypertension history 0.157 (0.060,
0.253)

0.001 0.125 (0.028,
0.222)

0.012 0.123 (0.026,
0.220)

0.013
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ARR, aldosterone–renin ratio; LVMI, left ventricular mass index; PAC, plasma aldosterone concentration; PRA, plasma renin activity.
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TABLE 4 | Clinical characteristics, echocardiographic features, doppler-derived indexes, and change of patients with primary aldosteronism receiving adrenalectomy.

Patient characteristics Pre-OP Post-OP p value

SBP (mmHg) 154.8 ± 20.1 137.7 ± 18.7 <0.001
DBP (mmHg) 92.3 ± 13.9 84.8 ± 11.6 <0.001
Serum creatinine level (mg/dl) 0.91 ± 0.38 1.06 ± 0.66 <0.001
Serum potassium level (mmol/dl) 3.60 ± 0.68 4.32 ± 0.54 <0.001
PAC (ng/dl)a 45.60 (43.60) 28.55 (22.00) <0.001
PRA (ng/ml per h)a 0.23 (0.50) 1.76 (4.20) <0.001
ARRa 234.29 (1107.8) 16.88 (35.70) <0.001
Log-transformed PAC 1.71 ± 0.25 1.47 ± 0.27 <0.001
Log-transformed PRA -0.76 ± 0.74 0.18 ± 0.63 <0.001
Log-transformed ARR 2.46 ± 0.78 1.29 ± 0.64 <0.001
Number of antihypertensive medication type 2.3 ± 1.3 0.7 ± 1.1 <0.001
Echocardiographic variables Pre-OP Post-OP p value
LVEDD (cm) 4.74 ± 0.46 4.71 ± 0.46 0.186
LVESD (cm) 2.84 ± 0.42 2.83 ± 0.42 0.414
IVSD (cm) 1.19 ± 0.21 1.12 ± 0.19 <0.001
LVPWD (cm) 1.13 ± 0.18 1.05 ± 0.15 <0.001
RWT 0.48 ± 0.08 0.45 ± 0.08 <0.001
LVEF (%) 70.2 ± 7.1 70.1 ± 7.0 0.867
Transmitral E velocity (cm/s) 75.2 ± 18.8 73.8 ± 17.5 0.256
Transmitral A velocity (cm/s) 80.5 ± 17.6 79.5 ± 18.3 0.364
E deceleration time (ms) 212.7 ± 44.9 223.0 ± 71.2 0.059
LVMI (g/m2) 142.07 ± 40.60 127.39 ± 34.61 <0.001
Predicted LVMI (g/m2) 90.89 ± 16.23 83.89 ± 16.19 <0.001
Inappropriately excessive LVMI (g/m2) 50.89 ± 33.86 42.90 ± 26.92 <0.001
LVH, n (%) (n = 207) 140 (67.6%) 116 (56.0%) 0.002
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Values are expressed as mean ± SD, median (interquartile range), or number (percentage).
ARR, aldosterone–renin ratio; PAC, plasma aldosterone concentration; PRA, plasma renin activity.
aExpressed as median and interquartile range.
(n = 207).
A B C

FIGURE 2 | Changes in (A) LVMI, (B) predicted LVMI, (C) and inappropriately excessive LVMI in aldosterone-producing adenoma patients before and after
adrenalectomy. LVMI, left ventricular mass index; PreOP, before adrenalectomy; PostOP, after adrenalectomy.
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TABLE 5 | Correlation study between DLVMI, DpLVMI, DieLVMI and clinical parameters (unmatched).

Variable DLVMI DpLVMI DieLVMI

Univariate
regression

Multivariate
regression

Univariate
regression

Multivariate
regression

Univariate
regression

Multivariate
regression

b (95% C.I) p
value

b (95% C.I) p
value

b (95% C.I) p
value

b (95% C.I) p
value

b (95% C.I) p
value

b (95%
C.I)

p
value

Sex (male) -0.036
(-0.173,
0.102)

0.611 -0.102
(-0.243,
0.039)

0.155 -0.033
(-0.175,
0.109)

0.648

Age -0.150
(-0.286,
-0.014)

0.031 -0.101
(-0.242,
0.041)

0.162 -0.066
(-0.208,
0.075)

0.356

BMI 0.024
(-0.113,
0.161)

0.733 0.015
(-0.127,
0.157)

0.835 0.045
(-0.097,
0.187)

0.531

SBP 0.177
(0.041,
0.312)

0.011 -0.244
(-0.390,
-0.099)

0.001 0.350
(0.217,
0.483)

<
0.001

-0.411
(-0.562,
-0.260)

<
0.001

-0.008
(-0.150,
0.134)

0.913

DSBP 0.251
(0.113,
0.388)

<
0.001

0.268
(0.129,
0.406)

<
0.001

0.613
(0.501,
0.725)

<
0.001

0.655
(0.530,
0.780)

<
0.001

-0.077
(-0.219,
0.064)

0.282

DBP 0.117
(-0.019,
0.254)

0.092 0.209
(0.070,
0.348)

0.003 -0.004
(-0.146,
0.138)

0.955

DDBP 0.153
(0.012,
0.293)

0.033 0.370
(0.238,
0.502)

<
0.001

-0.045
(-0.187,
0.097)

0.535

Serum creatinine level -0.068
(-0.205,
0.069)

0.332 0.029
(-0.113,
0.171)

0.690 -0.031
(-0.173,
0.111)

0.667

DSerum creatinine level -0.136
(-0.278,
0.006)

0.062 -0.193
(-0.336,
0.050)

0.009 -0.036
(-0.182,
0.110)

0.625

Serum potassium level -0.176
(-0.311,
-0.040)

0.011 -0.219
(-0.358,
-0.081)

0.002 -0.119
(-0.260,
0.022)

0.097

DSerum potassium level -0.187
(-0.326,
-0.047)

0.009 -0.206
(-0.346,
-0.065)

0.004 -0.106
(-0.249,
0.037)

0.144

Log-transformed PAC 0.165
(0.029,
0.300)

0.018 0.126
(-0.015,
0.267)

0.079 0.083
(-0.059,
0.224)

0.251

DLog-transformed PAC 0.205
(0.065,
0.344)

0.004 0.187
(0.045,
0.329)

0.010 0.127
(-0.016,
0.271)

0.082

Log-transformed PRA -0.073
(-0.210,
0.063)

0.293 -0.067
(-0.208,
0.075)

0.355 -0.060
(-0.201,
0.082)

0.407

DLog-transformed PRA -0.189
(-0.329,
-0.049)

0.008 -0.168
(-0.311,
-0.025)

0.021 -0.117
(-0.261,
0.027)

0.111

Log-transformed ARR 0.121
(-0.015,
0.257)

0.082 0.103
(-0.038,
0.244)

0.151 0.083
(-0.059,
0.224)

0.250

DLog-transformed ARR 0.288
(0.150,
0.425)

<
0.001

0.199
(0.092,
0.306)

<
0.001

0.242
(0.100,
0.383)

0.001 0.182
(0.038,
0.325)

0.013 0.155
(0.049,
0.261)

0.004

Number of antihypertensive
medication type

0.019
(-0.118,
0.156)

0.786 0.036
(-0.105,
0.178)

0.613 0.002
(-0.140,
0.143)

0.983

Change of number of
antihypertensive medication
type

0.038
(-0.102,
0.178)

0.598 0.076
(-0.068,
0.221)

0.298 0.012
(-0.133,
0.157)

0.869

(Continued)
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reported a greater LVM and more LVH among PA patients
compared to EH controls with improvements after treatment
with adrenalectomy or spironolactone (31). In our previous
study of 30 APA patients, we also found a decreased LVMI in
patients with LVH after adrenalectomy, and a decreased LVMI
was correlated with preoperative LVMI, and postoperative
changes in SBP and potassium level (10, 11, 32). We also
found significant correlations among 24-hour urinary
aldosterone, sodium, glomerular hyperfiltration and LVMI and
ieLVMI among PA patients, as well as diastolic dysfunction (21,
33–35).

To the best of our knowledge, this prospective cohort study
includes the largest sample size to date, with 304 PA patients (all
of whom had APA) and 271 EH controls, and 213 matched pairs.
The cases were matched using propensity score matching for sex,
age, SBP, DBP, number of antihypertensive medication types,
and hypertension history, with the aim of eliminating as many
confounding factors as possible. The use of ieLVMI is different
from previous studies and demonstrated the effect of excessive
aldosterone on LVH in addition to adaptation to compensate for
hemodynamic load. Our findings may help to improve the
prediction of cardiovascular outcomes after eliminating the
influence of hypertension. The utilization of LVMI, pLVMI
and ieLVMI provided further insight into the pathogenesis of
increased LVMI, a process involving mixed etiologies, in which
pLVMI represented the hemodynamic component and ieLVMI
the non-hemodynamic component. Correlation studies of
LVMI/pLVMI/ieLVMI between the patients with APA and EH
identified the factors associated with increased LVMI, while
correlation studies of DLVMI/DpLVMI/DieLVMI after
adrenalectomy identified the factors associated with changes in
LV morphology and treatment effect of adrenalectomy. Of note,
DLVMI was independently correlated with DSBP and DlogARR.
Frontiers in Endocrinology | www.frontiersin.org 1060
Furthermore, DpLVMI was independently correlated with DSBP,
while DieLVMI was correlated with DlogARR. These findings
emphasize the treatment benefits of adrenalectomy, which both
reduces blood pressure and aldosterone by removing the
aldosterone secreting source in the adrenal gland, thereby
resulting in LVH regression in both hemodynamic and non-
hemodynamic pathways. The use of ieLVMI has the advantage of
excluding the influence of blood pressure on the left structure. In
addition, the exclusive association between DieLVMI and
DlogARR consolidates the pathogenesis of aldosterone-induced
neurohormonal LVH, which is independent of the influence of
hypertension. Moreover, this shows that the treatment effect of
adrenalectomy was not just from treating hypertension.
POSSIBLE FUTURE STUDY AND STUDY
LIMITATIONS

There are several limitations to this study. First, this clinical
study showed the association between preoperative and
postoperative endocrinological and cardiac structural changes,
however the study design cannot elucidate the actual causative
role of aldosterone in LV remodeling. Second, our follow-up
period was 1 year, and longer follow-up periods are warranted to
examine whether there is any further late-onset effect of
adrenalectomy. Third, we did not perform the saline load test
with plasma aldosterone measurement and fibrinogen level on all
the APA patients before and after the operation. Fourth, this
study only investigated excess aldosterone and showed that
elevated ARR increased LVMI, but the effect on cardiovascular
mortality or morbidity was not investigated. Further long-term
follow-up studies are needed to investigate the clinical impact of
aldosterone excess on cardiovascular outcomes.
TABLE 5 | Continued

Variable DLVMI DpLVMI DieLVMI

Univariate
regression

Multivariate
regression

Univariate
regression

Multivariate
regression

Univariate
regression

Multivariate
regression

b (95% C.I) p
value

b (95% C.I) p
value

b (95% C.I) p
value

b (95% C.I) p
value

b (95% C.I) p
value

b (95%
C.I)

p
value

Hypertension history -0.025
(-0.162,
0.112)

0.722 0.047
(-0.095,
0.189)

0.513 -0.048
(-0.189,
0.094)

0.509

Clinical success to off
medication

0.078
(-0.061,
0.218)

0.272 0.106
(-0.038,
0.250)

0.148 0.055
(-0.090,
0.200)

0.454

pre-OP LVMI 0.577
(0.465,
0.690)

<
0.001

0.687
(0.574,
0.800)

<
0.001

0.254
(0.116,
0.391)

<
0.001

0.538
(0.418,
0.657)

<
0.001

pre-OP pLVMI 0.283
(0.151,
0.416)

<
0.001

0.515
(0.393,
0.637)

<
0.001

0.561
(0.433,
0.689)

<
0.001

0.048
(-0.094,
0.190)

0.505

pre-OP ieLVMI 0.555
(0.441,
0.670)

<
0.001

0.061
(-0.081,
0.202)

0.401 0.628
(0.518,
0.739)

<
0.001

0.664
(0.558,
0.771)

<
0.001
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Correlation analysis, univariate, and multivariate linear regression analysis for changes in LVMI among total PA patients (n = 207).
ARR, aldosterone–renin ratio; LVMI, left ventricular mass index; PAC, plasma aldosterone concentration; PRA, plasma renin activity.
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CONCLUSION

Extensive cardiac remodeling through hemodynamic and non-
hemodynamic causes occurs in APA patients. Adrenalectomy
improved both hemodynamic and non-hemodynamic
components of LV remodeling. The regression of pLVMI and
ieLVMI were correlated with decreases in blood pressure and
ARR, respectively. These findings provide further evidence of
aldosterone-induced hemodynamic and non-hemodynamic LV
remodeling in patients with PA, and the effect of adrenalectomy.
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Thousands of papers on primary aldosteronism (PA) have been published in the last two
decades. This study aimed to evaluate the research hotspots and future trends in PA
research using bibliometric analysis. A total of 2,365 PA research papers between 2000
and 2020 were included. The dominant position of the United States in global PA research
throughout this 20-year period was evident, and it was also the country most frequently
involved in international cooperation. The University of Padua was the most productive
institution and a leader in research collaboration. The Journal of Clinical Endocrinology &
Metabolism was the most productive journal in terms of the number of publications on PA.
Further, Mulatero P, Reincke M, Beuschlein F and Wu VC all made significant
contributions to PA research. Five hotspots have been identified: (1) metabolic
syndrome associated with PA; (2) molecular mechanisms of PA; (3) adrenal adenoma
and adrenal cortex; (4) hypertension associated with PA; and (5) clinical monitoring
parameters and diagnosis in patients with PA. Our results suggest that the molecular
mechanisms of PA will remain research hotspots in the future. International collaboration is
also expected to widen and deepen in the field of PA research.

Keywords: primary aldosteronism, bibliometric analysis, VOSviewer, bibliographic item co-occurrence matrix
builder, research hotspots
INTRODUCTION

Primary aldosteronism (PA), characterized by an increased aldosterone production, is the most
frequent form of secondary hypertension (1, 2). PA patients have an increased risk of stroke, heart
failure, coronary artery disease, atrial fibrillation (1, 3–5), renal damage (6, 7), diabetes (8, 9),
metabolic syndrome (9, 10). PA is associated with reduced quality of life and an increased prevalence
of mental fatigue, anxiety and depression (11–13). PA was first described by Jerome Conn in 1955 in a
patient (14). During the past 65 years, especially in the last two decades, great progress has been made
Abbreviations: PA, Primary aldosteronism; WoSCC, Web of Science Core Collection; BICOMB, Bibliographic Item Co-
Occurrence Matrix Builder; IF, impact factor; H-index, Hirsch index; JCR, Journal Citation Reports; AVS, Adrenal
vein sampling.
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in the field of PA research regarding genetic and genomic
mechanisms, pathophysiology, diagnostics, and therapeutics (2,
15, 16). However, there is still a lack of comprehensive reports that
can assist researchers in obtaining an intuitive overview and reveal
research trends in the PA research field.

Bibliometric analysis is a novel scientific method used to evaluate
contributions to a research field, including those by countries,
institutions, authors, and journals. Further, bibliometric analysis
can predict the hotspots and trends within a certain research area
through information visualization (17–19). However, few
bibliometric studies have been performed in the field of PA research.

In the present study, we performed a comprehensive
bibliometric analysis of PA research literature from 2000 to
2020, taking into account the number of annual publications,
countries, international cooperation, institutions, journals,
authors, and keyword co-occurrence visualization analysis.
Furthermore, perspectives on progress in the field of PA
research over the past two decades were considered. Overlay
visualization maps of co-occurring keywords and double-
clustering analysis were also performed in order to confirm the
trends and hotspots in PA research. We hope that this study will
provide new perspectives and a basis for future PA research.
MATERIALS AND METHODS

Data Sources and Search Strategy
The Web of Science is one of the most influential databases of
scientific literature. In this study, all data were retrieved from the
Web of Science Core Collection (WoSCC) via the China Medical
University library website. The retrieval strategy was TS =
primary aldosteronism.

Screening Criteria and Data Downloads
The publication period in the present study was limited to the
period from 2000 to 2020. Non-English language, non-article,
and non-review publications were excluded. WoSCC data
including titles, author information, abstracts, keywords,
journals, and references were downloaded in.txt format. To
avoid the bias caused by frequent database updates, all
literature retrieval and data downloads were completed on the
same day (February 1, 2021). Two investigators (CW and JY)
independently performed the search and had an agreement of
95% (kappa = (P0 − Pe)/(n − Pe) = 0.95 > 0.75), showing
significant consistency (20).

Statistical Analysis
In the present study, a comprehensive description of various
publishing characteristics is provided, including authors,
institutions, countries, journals, keywords, impact factor (IF),
and Hirsch index (h-index). IFs were obtained from the 2019
Journal Citation Reports (JCR) to assess the scientific value of
research (21). The value of the h-index was defined as the
number of papers with citation number ≥ h and is considered
to be an important indicator for assessing both the productivity
and impact of the published work of scientists, journals, or
Frontiers in Endocrinology | www.frontiersin.org 264
countries (22). The filtered data from WoSCC was imported
into the online analysis platform of literature metrology (http://
bibliometric.com/) and VOSviewer 1.6.15 (Leiden University,
Leiden, The Netherlands) for bibliometric analysis. Apache
ECharts (https://echarts.apache.org/), a JavaScript-based data
visualization tool, was used to visualize the annual number of
publications and the number of cumulative publications in
different countries/regions. The online bibliometric analysis
platform was used to visualize international collaboration
between countries. VOSviewer was used for analysis and
visualization of bibliometric networks such as authors,
institutions, journals, co-citations, and the keywords used in the
articles (23). Network visualization maps and overlay visualization
maps were generated using VOSviewer. The online bibliometric
analysis platform andMicrosoft Excel 2016 were used to assess the
impact of authors, institutions, and journals. The filtered data
from WoSCC were imported into Bibliographic Item Co-
occurrence Matrix Builder (BICOMB) to construct a keyword-
article binary matrix (24). The rows of the matrix represented
publications, while the columns represented highly frequent
keywords. Additionally, gCLUTO software 1.0 was used to
perform double-clustering analysis, and to build mountain maps
and heat maps based on the results of the clustering analysis (24).
RESULTS

Trends and Annual Publications
As shown in Figure 1, a total of 3,459 papers were identified, and
2,365 papers (1,929 articles and 436 reviews) from 2000 to 2020
were ultimately included according to the screening criteria.
Figure 2 shows the growth trend of the annual publications
related to PA, from 48 in 2000 to 250 in 2020. Based on the
WoSCC database, the 2,365 papers were cited 65,149 times, and
each paper was cited an average of 27.55 times.

Contribution of Countries and Institutions
According to the WoSCC database, 69 countries or regions
contributed to publications on PA between 2000 and 2020.
The top 24 countries or regions in terms of the number of
publications (n > 10) on PA are presented on a world map in
Figure 3A, and the top 10 are presented as numbers in Table 1.
TABLE 1 | The top 10 countries or regions contributing to publications in PA
research.

Rank Country/Region Records Percentage. (N/2365), %

1 USA 602 25.455
2 Japan 419 17.717
3 Italy 384 16.237
4 China 293 12.389
5 Germany 291 12.304
6 Australia 151 6.385
7 France 126 5.328
8 Netherlands 100 4.228
9 Canada 96 4.059
10 England 95 4.017
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The United States was the largest contributor, with 602 papers
published, followed by Japan (n = 419), Italy (n = 384), China (n
= 293), Germany (n = 291), Australia (n = 151), France (n = 126),
Netherlands (n = 100), Canada (n = 96), and England (n = 95).
The United States and Japan contributed many more papers to
the number of publications on PA than other countries or
regions (Figure 3A and Table 1). Within the survey period,
close cooperation between countries or regions around the world
was extremely common. International cooperation analysis
indicated that the United States was the country most
frequently involved in international cooperation (Figure 3B).
Frontiers in Endocrinology | www.frontiersin.org 365
The most productive institutions were also evaluated in our
study. As shown in Table 2, with 140 papers published, the
University of Padua was the most productive institution and was
followed by National Taiwan University Hospital (n = 102),
University of Turin (n = 96), Tohoku University (n = 86),
University of Queensland (n = 82), University of Mississippi
(n = 67), National Taiwan University (n = 63), University of
Michigan (n = 63), University of Paris 5 (n = 63), and the
Georges Pompidou European Hospital (n = 62). The
collaboration network was generated using VOSviewer
software, and the threshold was set to 20 as the minimum
FIGURE 2 | Annual number of the published publications in PA research from 2000 to 2020.
FIGURE 1 | Flowchart of data filtration processing and excluding publications.
April 2021 | Volume 12 | Article 665912
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number of documents of an institution, while 1,000 was set as the
minimum number of citations of an institution. Finally, 22 out of
the 1,942 institutions were identified. During these two decades,
University of Padua cooperated with almost all influential
scientific institutions in studies on PA (Figure 4).

Contribution of Journals
In the present study, a comprehensive analysis of the contribution
of journals with journal characteristics was provided, including
journal titles, article counts, total citations, citations per article, IF
(2019), quartile in category (2019), and h-index. The top 10 most
productive journals in the field of PA research are listed inTable 3;
in total, these journals published 809 papers, accounting for
34.21% of the total publications. Journal of Clinical
Endocrinology & Metabolism (n = 165), Hypertension (n = 142),
and Journal of Hypertension (n = 111) were the top three journals
in terms of the number of publications on PA (Table 3). These
three journals were the top three journals in terms of the highest
total number of citations (6,399 vs. 4,394 vs. 2,146 citations,
respectively), and they were also the top three journals with the
Frontiers in Endocrinology | www.frontiersin.org 466
highest average number of citations per paper (38.78 vs. 30.94 vs.
19.33 times, respectively). Hypertension, Journal of Clinical
Endocrinology & Metabolism, and European Journal of
Endocrinology had the highest IFs of any journals in 2019 (7.713
vs. 5.399 vs. 5.308, respectively). The highest h-index was 35,
belonged to Hypertension. Among the top 10 most productive
journals, Journal of Clinical Endocrinology & Metabolism,
Hypertension, Journal of Hypertension and European Journal of
Endocrinology were classified as Q1 according to the JCR 2019
standards (Table 3). The top 10 most highly cited publications are
listed in Table 4.

Contributions of Authors
The top 10 most productive authors in the field of PA research
are presented in Table 5. Among them, Reincke M from the
Ludwig-Maximilians-Universität München in Germany ranked
first (n = 129). Mulatero P from the Department of Medical
Sciences, University of Torino in Italy and Wu VC from the
Department of Internal Medicine, National Taiwan University
Hospital in Taiwan were the second most productive authors (n
= 97). Furthermore, Stowasser M, Mulatero P, and Rossi GP were
the top three authors with the highest total number of citations
(3,885 vs. 3,421 vs. 3,392 times, respectively, Table 5). A co-
authorship overlay visualization map was generated using
VOSviewer software, and the threshold for the minimum
number of documents by an author was set to 20. Finally, 55
authors who met the threshold were identified, and Mulatero P,
Reincke M, Beuschlein F and Wu VC were shown to have
cooperated closely (Figure 5A). A citation overlay visualization
map was also generated using VOSviewer software, and the
threshold for the minimum number of citations of an author
was set to 1,000. Finally, 55 authors who met the threshold were
identified, and it could be seen that Reincke M, Mulatero P and
Wu VC had made significant contributions to the field of PA
research (Figure 5B and Table 5).
TABLE 2 | The top 10 most productive institutions in PA research.

Rank Country/Region Records Percentage.
(N/2365), %

1 Univ Padua 140 5.920
2 Natl Taiwan Univ Hosp 102 4.313
3 Univ Turin 96 4.059
4 Tohoku Univ 86 3.636
5 Univ Queensland 82 3.467
6 Univ Mississippi 67 2.833
7 Natl Taiwan Univ 63 2.664
7 Univ Michigan 63 2.664
7 Univ Paris 05 63 2.664
10 Hop Europeen Georges

Pompidou
62 2.622
A B

FIGURE 3 | The distribution of countries or regions in PA research. (A) Distribution of PA literatures in the world map. The color of each country or region on the
world map represents the amount of literature published, according to the color gradient in the lower left corner. (B) The network map of cooperation between
countries or regions. Different colors represent different countries or regions, the area of each color represents the amount of literature published in each country or
regions, and the thickness of the connecting line indicates the cooperation frequency.
April 2021 | Volume 12 | Article 665912
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Analysis of Research Hotspots
With an appearance of more than 20 times, 34 of the most
frequent keywords were extracted from the included publications
and are displayed in Table 6. Five clusters were sorted through
double-clustering using gCLUTO. The relationship between
publications and high-frequency keywords was visualized using
a volcano map and matrix map (Figure 6). The matrix map is
shown in Figure 6A, in which column labels represent articles,
while row labels represent keywords. To combine similar rows in
a single cluster, the rows of the initial matrix were reset and each
cluster was partitioned by black horizontal lines. In the matrix
map, the upper dendrogram represents article associations, while
the left represents high-frequency keyword associations. The
results of the volcano map in Figure 6B directly show the
high-dimensional character of the data. In this three-
dimensional image, five different mountains represent five
different clusters, numbered from 0 to 4.
Frontiers in Endocrinology | www.frontiersin.org 567
The above 34 high-frequency keywords were divided into five
clusters. All representative articles involved in each cluster were
mined to further summarize hotspots in the field of PA Finally,
five hotspots were identified using BICOMB and gCLUTO
software packages:

Cluster 0: Metabolic syndrome associated with PA.

Cluster 1: Molecular mechanisms of PA.

Cluster 2: Adrenal adenoma and adrenal cortex.

Cluster 3: Hypertension associated with PA.

Cluster 4: Clinical monitoring parameters and diagnosis in
patients with PA.

To explore the changes of hotspots over a period of time, a
network visualization map of keyword co-occurrence was
generated using VOSviewer software, and the results showed
that the keywords “KCNJ5”, “K(+) channel mutations”, “somatic
FIGURE 4 | Co-authorship overlay visualization map of institutions. The color of each circle corresponds to the average publication year, the size of a circle is
proportional to the number of literatures, and the thickness of the connecting line indicates the cooperation frequency.
TABLE 3 | The top 10 most active journals that published articles in PA research.

Rank Journal title Article counts Total number of
citations

Average number of
citations

IF(2019) Quartile in category (2019) H-index

1 Journal of Clinical Endocrinology & Metabolism 165 6,399 38.78 5.399 Q1 33
2 Hypertension 142 4,394 30.94 7.713 Q1 35
3 Journal of Hypertension 111 2,146 19.33 4.171 Q1 21
4 Hormone and Metabolic Research 88 940 10.68 2.562 Q3 14
5 European Journal of Endocrinology 66 997 15.11 5.308 Q1 23
6 Clinical Endocrinology 58 783 13.5 3.38 Q2 17
7 Journal of Human Hypertension 49 626 12.78 2.26 Q3 11
8 Hypertension Research 46 532 11.57 2.941 Q2 12
9 American Journal of Hypertension 45 696 15.47 2.669 Q3 13
10 Endocrine Journal 39 500 12.82 1.952 Q4 12
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mutations”, and “KCNJ5 mutations” began to appear in the last 5
years (Figure 7).
DISCUSSION

In the era of the information explosion, bibliometric analysis can
help scientific researchers to manage their knowledge and
visualize knowledge structures more intuitively. By presenting
visual results, bibliometric analysis can help new researchers in a
specific field to grasp the overall trends in the field being
Frontiers in Endocrinology | www.frontiersin.org 668
investigated. It can also reveal milestone manuscripts, the most
productive authors and institutions, and current research
hotspots, as well as future trends (25–27). In our study, a
comprehensive bibliometric analysis of global scientific
publications in the field of PA research from 2000 to 2020
was performed.

The number of publications in a particular research field can
reflect the productivity and developments in the field over time
(28). In the present study, a total of 2,365 publications, including
250 literature in 2020, were included (Figures 1, 2). The results
showed that the number of publications in the field of PA was
TABLE 4 | The top 10 high-cited papers in PA research during 2000 to 2020.

Rank Title Authors Year Journal Total
citations

1 Case detection, diagnosis, and treatment of patients with primary aldosteronism: An endocrine society
clinical practice guideline

Funder,
John W.
et al.

2008 Journal of Clinical
Endocrinology &
Metabolism

1073

2 Resistant hypertension: Diagnosis, evaluation, and treatment—A Scientific Statement from the American
Heart Association Professional Education Committee of the Council for High Blood Pressure Research

Calhoun,
David A.
et al.

2008 Hypertension 998

3 Evidence for an increased rate of cardiovascular events in patients with primary aldosteronism Milliez, P.
et al.

2005 Journal of The
American College Of
Cardiology

960

4 A prospective study of the prevalence of primary aldosteronism in 1,125 hypertensive patients Rossi, Gian
Paolo. et al.

2006 Journal of The
American College Of
Cardiology

859

5 The Management of Primary Aldosteronism: Case Detection, Diagnosis, and Treatment: An Endocrine
Society Clinical Practice Guideline

Funder,
John W.
et al.

2016 Journal of Clinical
Endocrinology &
Metabolism

777

6 A survey on adrenal incidentaloma in Italy Mantero, F.
et al.

2000 Journal of Clinical
Endocrinology &
Metabolism

636

7 Extensive personal experience—Increased diagnosis of primary aldosteronism, including surgically
correctable forms, in centers from five continents

Mulatero, P.
et al.

2004 Journal of Clinical
Endocrinology &
Metabolism

614

8 The incidentally discovered adrenal mass Young,
William F.
et al.

2007 New England
Journal of Medicine

602

9 Hyperaldosteronism among with resistant black and white subjects hypertension Calhoun,
DA. et al.

2002 Hypertension 445

10 Effect of spironolactone on blood pressure in subjects with resistant hypertension Chapman,
Neil. et al.

2007 Hypertension 428
A
pril 20
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TABLE 5 | The top 10 most productive authors in PA research.

Rank Author Article
counts

Total number of
citations

Average number
of citations

First author
counts

First author cita-
tion counts

Corresponding
author counts

Corresponding author
citation counts

1 Reincke, M 129 3,241 25.12 4 261 65.25 40
2 Mulatero, P 97 3,421 35.27 26 1,614 62.08 45
3 Wu, VC 97 1,137 11.72 18 453 25.17 19
4 Rossi, GP 93 3,392 36.47 45 2,656 59.02 81
5 Beuschlein, F 87 2,251 25.87 8 173 21.63 18
6 Stowasser, M 76 3,885 51.12 24 858 35.75 51
7 Wu, KD 70 1,142 16.31 2 31 15.5 16
8 Lin, YH 70 890 12.71 7 148 21.14 20
9 Veglio, F 66 2,763 41.86 0 0 0 1
10 Williams, TA 65 1,673 25.74 12 402 33.5 18
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A B

FIGURE 5 | The distribution of authors in PA research. (A) Author co-authorship overlay visualization map. The color of each circle corresponds to the average
publication year of the author, the size of a circle is proportional to the number of literatures published by the author, and the thickness of the connecting line
indicates the cooperation frequency. (B) Author co-citation overlay visualization map. The color of each circle corresponds to the average publication year of the
author, the size of a circle is proportional to the total number of citations of the author, and the thickness of the connecting line indicates the strength of the co-
citation link.
TABLE 6 | Keywords of PA research hotspots.

Rank Keywords Frequency Percentage (%)

1 primary aldosteronism 668 8.4653
2 aldosterone 421 5.3352
3 hypertension 356 4.5115
4 hyperaldosteronism 165 2.0910
5 adrenal vein sampling 146 1.8502
6 adrenalectomy 133 1.6855
7 aldosterone-producing adenoma 119 1.5080
8 renin 90 1.1405
9 aldosterone-producing adenoma 73 0.9251
10 primary hyperaldosteronism 71 0.8998
11 pheochromocytoma 66 0.8364
12 Cushing′s syndrome 63 0.7984
13 blood pressure 63 0.7984
14 secondary hypertension 59 0.7477
15 resistant hypertension 57 0.7223
16 adrenal gland 57 0.7223
17 spironolactone 55 0.6970
18 aldosteronism 51 0.6463
19 hypokalemia 46 0.5829
20 adrenal 45 0.5703
21 adrenal adenoma 38 0.4816
22 diagnosis 37 0.4689
23 Conn′s syndrome 36 0.4562
24 adrenal incidentaloma 31 0.3929
25 CYP11B2 29 0.3675
26 adrenal cortex 28 0.3548
27 KCNJ5 28 0.3548
28 adenoma 25 0.3168
29 essential hypertension 24 0.3041
30 endocrine hypertension 23 0.2915
31 prevalence 22 0.2788
32 eplerenone 22 0.2788
33 cortisol 21 0.2661
34 mineralocorticoid receptor 20 0.2535
Frontiers in Endocrinology | www.front
iersin.org 769
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A

B

FIGURE 6 | Research hotspots in the field of PA. (A) Visualized matrix of biclustering of highly frequent keywords in the research field of PA. Color of each blot
represented the frequency of occurrence of keywords in all literatures. (B) Mountain visualization of biclustering of highly frequent keywords in the research field of
PA. The height and color of the mountain are proportional to internal similarity and standard deviation of cluster (Blue: high deviation; Red: low deviation).
FIGURE 7 | Keywords co-occurrence overlay visualization map. The color of each circle corresponds to the average publication year. The size of a circle is
proportional to the frequency of occurrence of the keyword, and the thickness of the connecting line indicates the strength of the keywords co-occurrence link.
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maintained at a substantial level in the two decades from 2000 to
2020, which suggests that PA remains a hot research field, and
more and more scholars may participate in PA research.

The number of publications in a research field is an important
indicator for evaluating the scientific research level of a country
or institution (25, 28, 29). Our study showed that the United
States and Japan were the two largest contributors to the number
of publications on PA (Figure 3A and Table 1), highlighting
their impact in the PA research field. The value of international
collaboration in supporting innovation and addressing unmet
challenges is well recognized worldwide (30). From 2000 to 2020,
many countries or regions around the world collaborated on
studies in the research field of PA. Furthermore, our results
demonstrated that the United States had the highest
collaboration performance, especially with China and Japan
(Figure 3B). Meanwhile, University of Padua was identified as
the most productive institution during the 20-year period (Table
2) and cooperated with almost all influential scientific
institutions in the PA research field, including National
Taiwan University Hospital, University of Turin, Tohoku
University, and University of Queensland (Figure 4). These
results showed that highly collaborative countries or
institutions generally had a high academic level, suggesting
that international cooperation will remain a future trend in the
field of PA research.

Journal indicators obtained from bibliometric analysis can
provide a reliable reference for researchers to search documents
or submit manuscripts (31, 32). All the top 10 journals
publishing literature on PA were included in the category of
“Internal medicine” or “Endocrinology”. Our results showed that
Journal of Clinical Endocrinology & Metabolism published the
highest number of PA-related papers and had the highest
number of total citations (Table 3). Our results also showed
that the most frequently cited publication was a clinical practice
guideline written by John W Funder and colleagues from Prince
Henry’s Institute of Medical Research in Australia, and that
“Case detection, diagnosis, and treatment of patients with
primary aldosteronism: An endocrine society clinical practice
guideline”, was a milestone in the PA research field in the two
decades from 2000 to 2020 (33) (Table 4). These results suggest
that these active journals and highly cited papers can provide a
reliable reference for scholars concerned with the progress of PA
research, and PA plays an important role in the fields of
endocrinology and internal medicine.

Based on the WoSCC database, Reincke M published the
highest number of PA-related papers, while Stowasser M had the
highest number of total citations (Table 5). Furthermore,
Mulatero P, Reincke M, Beuschlein F and Wu VC cooperated
closely and published a considerable number of highly cited
publications, as evidenced in the co-authorship overlay network
visualization map and citation overlay visualization map (Figure
5A, B). Therefore, they can be regarded as the leaders in the PA
research field.

Because of the heterogeneity of the PA research field, we
divided the keywords in our study into five clusters via double-
Frontiers in Endocrinology | www.frontiersin.org 971
clustering analysis (Figure 6). Cluster 0 is related to PA-related
metabolic syndrome. The abnormal glucose metabolism caused
by insulin resistance is related to the excessive production of
aldosterone, which is the main cause of metabolic dysfunction in
patients with PA (34). Cluster 1 is related to molecular
mechanisms of PA. In recent years, somatic mutations are
identified in genes associated with PA, KCNJ5, CACNA1D,
ATP1A1 and ATP2B3 (35–37). In general, the emergence of
Next-generation sequencing (NGS) technology has driven
researchers to understand the pathogenic and molecular
mechanisms of PA (38). Cluster 2 is related to adrenal
adenoma and adrenal cortex. PA results from excessive
production of aldosterone by the adrenal cortex. Adrenal
adenoma is considered a benign neoplasm of the adrenal
cortex. In addition, genetic studies have helped to understand
the relationship between benign aldosterone-producing
adrenocortical proliferation and ion channel mutations (2, 39,
40). Cluster 3 is related to hypertension associated with PA. PA
accounts for 5–10% of all hypertension patients and exist in 20%
of those with resistant hypertension. Our understanding of PA-
related hypertension has increased tremendously during the last
two decades and exploring how PA leads to hypertension is the
key to improve the outcome of long-term diseases and improve
the quality of life of PA patients (2, 6, 41). Cluster 4 is related to
clinical monitoring parameters and diagnosis in PA patients.
Adrenal vein sampling (AVS), the most recommended
procedure for lateralization in PA, has many limitations such
as required technical expertise, increased costs, and potential
complications (42). As a consequence, the development of new
non-invasive imaging techniques and monitoring parameters is
conducive to timely diagnosis, provides appropriate treatment,
and prevents deleterious cardiovascular outcomes of PA, which
is also a challenge for doctors and researchers in the future
(2, 43).

Keyword co-occurrence network visualization analysis is a
widely accepted method for determining research hotspots and
predicting research trends (44). Our results indicated that the
keywords such as “KCNJ5”, “K(+) channel mutations”, “somatic
mutations”, and “KCNJ5 mutations” appeared frequently in the
last 5 years, suggesting that the study of the genomics and
mechanisms of PA will remain research hotspots over the next
few years. Multicenter studies have reported that the most
frequent genetic abnormalities are KCNJ5 somatic mutations,
which were found in approximately 40% of aldosterone-
producing adenoma (APA), a subtype of pr imary
aldosteronism (35–37). Somatic mutations in KCNJ5, which
encodes the Gprotein-coupled inward rectifier K+ channel,
have been considered as a cause of PA (37, 40). Our analysis
also suggests that scientists are still trying to gain a
comprehensive understanding of PA, and we expect scientists
to make breakthroughs in the pathogenesis and management of
this condition in the near future.

However, there were some limitations in our study. Firstly,
the WoSCC database is updated continuously and dynamically.
Therefore, our results are temporary in nature. Secondly, non-
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English publications were excluded. Hence, a discrepancy may
exist between our results and the real publication characteristics.

In conclusion, the annual number of publications on PA grew
in the two decades between 2000 and 2020. The United States
was the leading country in this research field, while the
University of Padua also achieved important research results
and played a certain role in promoting the development of PA
research. Furthermore, Mulatero P, Reincke M, Beuschlein F and
Wu VC made significant contributions to this research field.
Research hotspot analyses suggest that the molecular
mechanisms of PA will remain research hotspots in the future.
International collaboration was also prevalent, and it is expected
to widen and deepen in the future. These results provide new
perspectives for the study of PA and may have a beneficial effect
on further study regarding the etiology, diagnosis, and treatment
of this condition.
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Purpose: Somatic KCNJ5mutation occurs in half of unilateral primary aldosteronism (PA)
and is associated with more severe phenotype. Mutation status can only be identified by
tissue sample from adrenalectomy. NP-59 adrenal scintigraphy is a noninvasive functional
study for disease activity assessment. This study aimed to evaluate the predictive value of
NP-59 adrenal scintigraphy in somatic KCNJ5mutation among PA patients who received
adrenalectomy.

Methods: Sixty-two PA patients who had NP-59 adrenal scintigraphy before
adrenalectomy with available KCNJ5 mutation status were included. Two
semiquantitative parameters, adrenal to liver ratio (ALR) and lesion to contralateral ratio
of bilateral adrenal glands (CON) derived from NP-59 adrenal scintigraphy, of mutated and
wild-type patients were compared. Cutoff values calculated by receiver-operating
characteristic (ROC) analysis were used as a predictor of KCNJ5 mutation.

Results: Twenty patients had KCNJ5 mutation and 42 patients were wild type. Patients
harboring KCNJ5 mutation had both higher ALR and CON (p = 0.0031 and 0.0833,
respectively) than wild-type patients. With ALR and CON cutoff of 2.10 and 1.95, the
sensitivity and specificity to predict KCNJ5 mutation were 85%, 57% and 45%, 93%,
respectively. Among 20 patients with KCNJ5mutation, 16 showed G151R point mutation
(KCNJ5- G151R) and 4 showed L168R point mutation (KCNJ5-L168R), which former one
had significantly lower ALR (p=0.0471).

Conclusion: PA patients harboring somatic KCNJ5mutation had significantly higher NP-
59 uptake regarding to ALR and CON than those without mutation. APAs with KCNJ5-
L168R point mutation showed significantly higher ALR than those with KCNJ5-G151R
point mutation.

Keywords: primary aldosteronism, NP-59 adrenal scintigraphy, KCNJ5, semiquantification, mutation prediction
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INTRODUCTION

Primary aldosteronism (PA) is the most common cause of
secondary hypertension which is characterized by overproduction
of aldosterone, leading to hypertension and sometimes hypokalemia
(1). There are three concerns making PA an important issue. First,
the prevalence is underestimated. Due to highly heterogeneity of
each study, lack of uniform screening tests and cutoff values, it is
difficult to conclude a definite prevalence. Roughly 10% is a
commonly acceptable prevalence among hypertensive populations
(1). However, prevalence of 30% has been reported, which may
occur in severe hypertensive populations at tertiary referral center
(2). Second, PA patients had significantly higher risk of
cardiovascular events, diabetes and metabolic syndrome as
compared with patients with essential hypertension (3). Third, PA
is controllable and even curable through proper treatment, by
means of mineralocorticoid antagonist for bilateral disease and
adrenalectomy for unilateral disease (4). John W Funder has
stated that PA is a public health issue on the basis of prior
mentioned concerns and underlying great impact on medical care
resources (5).

The major advance of understanding PA pathophysiology is
the identification of KCNJ5 mutation in aldosterone-producing
adenomas (APAs) (6). Mutated KCNJ5 leads to persistent cell
depolarization turning out to aldosterone overproduction.
Approximately 40% APAs harbored KCNJ5 mutation, while
eastern countries had much lower mutation rate than Asian
countries. KCNJ5 mutation is also associated with clinical
phenotype. Younger age, higher plasma aldosterone, larger
tumor, and female were more commonly seen with mutation
(7). However, mutation status is only available by surgically
resected specimen, which the mutation rate among PA patients
will not be truly revealed.

NP-59 adrenal scintigraphy is a molecular imaging evaluating
adrenal cortical function based on the activity of cholesterol
uptake and transfer. It is able to correctly differentiate unilateral
disease from bilateral disease and with excellent predictive value of
postsurgical outcome (8, 9). Although adrenal venous sampling
(AVS) is currently the gold standard for lateralization, NP-59
adrenal scintigraphy is an alternative method since AVS is
technically dependent and invasive. Considering that more
severe disease brings higher cholesterol demand to produce
aldosterone, and KCNJ5 mutation is associated with higher
plasma aldosterone, we assume that NP-59 adrenal scintigraphy
may be an imaging biomarker to predict KCNJ5 mutation.
MATERIALS AND METHODS

Patients
The study protocol was approved by the Institutional Review
Board of National Taiwan University Hospital (approval No.
201002002R and 200912003R). Patients were retrospectively
recruited from the Taiwan Primary Aldosteronism Investigation
(TAIPAI) database with the following inclusion criteria: (1)
clinically confirmed PA by either saline loading test or captopril
test (a positive saline loading test is defined as post-test PAS higher
Frontiers in Endocrinology | www.frontiersin.org 275
than 10 ng/dl and a positive captopril test is defined as PAC
suppression less than 30% of the baseline level concurrent with
suppressed PRA or ARR > 35 ng/dl per ng/ml/h), (2) had NP-59
adrenal scintigraphy with single photon emission computed
tomography (SPECT) and computed tomography (CT) before
surgery, (3) underwent adrenalectomy within 1 year after NP-59
scintigraphy, and (4) available KCNJ5 mutation status from
surgical specimen. The only exclusion criteria was known
malignancy with adrenal gland involvement. Adrenalectomy
was determined by a successful non-stimulated AVS (which is
defined as a selective index greater than 2) with a lateralization
index than 2. Clinical and biochemical profiles were acquired at
initial evaluation and 1 year after adrenalectomy.

Protocol and Interpretation of NP-59
Adrenal Scintigraphy
Medications may alter NP-59 uptake such as glucocorticoids,
diuretics, spironolactone, beta-blockers, alpha-blockers, and
calcium channel blockers were postponed or switched to
alternative medications (10). Oral dexamethasone suppression
(8 mg daily) was carried out throughout the study for 8 days. One
mCi NP-59 was slowly injected intravenously on the 4th day, and
SPECT/CT was performed on the 96th hour after NP-59
injection. Patients were also given 1 ml of diluted Lugol’s
solution daily to protect the thyroid from free 131I uptake.

Two semiquantitative parameters were used to evaluated
adrenal cortical function as previously reported (9). Maximal
count of the adrenal gland with lesion (defined as adrenal gland
having adrenalectomy) divided by the mean count of the liver
resulted in adrenal to liver ratio (ALR). Maximal count of
adrenal gland with lesion to maximal count of contralateral
adrenal gland is defined as CON.

KCNJ5 Sequencing
The specimens of APAs after adrenalectomy were collected and
stored at −72°C until analysis. Genomic DNA were isolated from
APAs using the QIAampDNAmini kit (Qiagen, Hilden, Germany)
according to the manufacturer’s instructions. The DNA regions
containing the most frequently occurred point mutations of KCNJ5,
p.Gly151Arg (G151R) and p.Leu168Arg (L168R), were amplified
and sequenced using gene-specific primers (forward 5′-
CTTCATTTGGTGGCTCATTGC-′3, reverse 5′-GGGACTTGAT
GAGCTTGGC-′3) as previously reported (11). The annealing
temperature was 58°C. Direct sequencing of PCR products was
performed using the BigDye® Terminator v3.1 Cycle Sequencing
Kit (Applied Biosystems, Foster City, USA) with a 3730 DNA
Analyzer (Applied Biosystems, Foster City, USA). Sequences were
analyzed using DNAStar Lasergene SeqMan Pro 7.1.0 software.
Standard protocol of sequencing in TAIPAI followed that which
had been previously reported (12).

Statistical Analysis
Descriptive statistics were used for patients’ characteristics.
Continues data were expressed as median with 25th percentile
and 75th percentile. Mann-Whitney U test was used for data
comparison. Difference of ALR and CON between mutated and
wild-type patients were compared by Mann-Whitney U test.
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Receiver-operating characteristic (ROC) curves were plotted and
areas under the curve (AUC) were calculated for ALR and CON.
The sensitivity and specificity of ALR and CON to predict KCNJ5
mutation were calculated according to the optimal cutoff value
selected by Youden’s index. A p value of less than 0.05 was
deemed statistically significant. All statistical analyses were
performed using MedCalc Statistical Software version 17.9.2
(MedCalc Software bvba, Ostend, Belgium).
RESULTS

Patient Characteristics
From October 2007 to October 2018, 64 patients were enrolled in
this study. Two patients were excluded due to insufficient
imaging information (one with missing data and the other
with only SPECT imaging). Finally, 62 patients were enrolled
for analysis, including 35 male (56%) and 27 female (44%), with a
median age of 53 years (45–63). All patients received unilateral
adrenalectomy and the median time interval between NP-59
adrenal scintigraphy and adrenalectomy was 134 days (75–249).
The median ALR was 2.205 (1.69–2.98) and CON was 1.325
(1.14–1.83). The patients’ characteristics were listed in Table 1.
Correlation Between Clinical/Biochemical
Profiles and KCNJ5 Mutation
Mutated patients had significantly higher preoperative plasma
aldosterone concentration (PAC, 60.505 ng/dl [43.465–79.525]
versus 43.2 ng/dl [26.6–56.44], p = 0.0130) and borderline higher
portion of presence of hypokalemia before surgery (60% versus 13%,
p = 0.0546). There were no differences regarding to age, gender,
hypertension history, tumor size, preoperative antihypertensive
medications, preoperative systolic blood pressure (BP),
preoperative diastolic BP, preoperative plasma renin activity
(PRA), and preoperative aldosterone to renin ratio (ARR).
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There were significant differences regarding to postoperative
clinical and biochemical profiles between mutated and wild-type
patients. Significant lower postoperative systolic BP (125.5 mmHg
[120.5–140.5] versus 139.5 mmHg [126–156], p = 0.02), diastolic BP
(78.5 mmHg [72–86] versus 83 mmHg [80–97], p = 0.02), higher
PRA (3.98 ng/ml/h [1.115–6.8456] versus 0.99 ng/ml/h [0.44–4], p =
0.02) and borderline lower ARR (9.515 ng/dl per ng/ml/h [5.94–
31.875] versus 25.175 ng/dl per ng/ml/h [10.545–71.72], p = 0.06)
were noted in mutated patients. Normalization of hypokalemia was
seen inmost patients except onemutated and twowild-type patients.

Correlation Between NP-59 Adrenal
Scintigraphy and KCNJ5 Mutation
ALR were significantly higher in mutated patients than in wild-type
patients (2.815 [2.13–3.54] versus 2.005 [1.56–2.55], p = 0.0031;
Figure 1), while CON showed borderline higher inmutated patients
(1.315 [1.14–1.49] versus 1.69 [1.20–2.456], p = 0.0833; Figure 1).
ROC analysis showed that an ALR cutoff of 2.10 and a CON cutoff
of 1.95 were the best values to predict KCNJ5 mutation. By ALR
cutoff of 2.10, the sensitivity, specificity, positive predictive value,
negative predictive value, and accuracy were 85%, 57%, 49%, 89%
and 66%, respectively. By CON cutoff of 1.95, the sensitivity,
specificity, positive predictive value, negative predictive value, and
accuracy were 45%, 93%, 75%, 78%, and 77%, respectively. Among
12 patients with both ALR greater than 2.1 and CON greater than
1.95, 10 harbored KCNJ5 mutation (83%). Twenty-four of 27
patients (89%) having ALR less than 2.10 and CON less than 1.95
had wild-type KCNJ5. For patients with CON greater than 1.95,
ALR was greater than 2.10 without exception. Representative
SPECT/CT images of two patients with and without KCNJ5
mutations were shown in Figure 2.

G151R and L168R Point Mutations
Among 20 patients harboring KCNJ5 mutation, 16 of them had
G151R point mutation and 4 of them had L168R point mutation.
There were no differences regarding to age, gender, hypertension
TABLE 1 | Association between patients’ characteristics and KCNJ5 mutation.

Wild-type KCNJ5 (n = 42) Mutated KCNJ5 (n = 20) p

Age 54 (45–63) 53 (42–58) 0.2583
Gender Male=24, Female=18 Male=11, Female=9 0.9164
Hypertension history (year) 5.5 (2–10) 4 (2.5–14) 0.8144
Size (cm) 1.55 (0.9–1.9) 1.55 (1.2–1.8) 0.5350
Preoperative antihypertensive medications 2 (2–3) 3 (1.5–3) 0.1158
Preoperative systolic BP (mm Hg) 156.5 (140–167) 142 (135.5–155) 0.0627
Preoperative diastolic BP (mm Hg) 95 (80–101) 86 (81–95) 0.1523
Preoperative PAC (ng/dl) 43.2 (26.6–56.44) 60.505 (43.465–79.525) 0.0130
Preoperative PRA (ng/ml/h) 0.275 (0.1–0.55) 0.34 (0.125–0.7) 0.1000
Preoperative ARR (ng/dl per ng/ml/h) 149.62 (60.04–577.88) 258.44 (79.97–578.875) 0.1944
Presence of hypokalemia before surgery 13 (31%) 12 (60%) 0.0546
Postoperative systolic BP (mm Hg) 139.5 (126–156) 125.5 (120.5–140.5) 0.0177
Postoperative diastolic BP (mm Hg) 83 (80–97) 78.5 (72–86) 0.0222
Postoperative PAC (ng/dl) 30.49 (23.635–54.11) 35.91 (27.15–42.475) 0.8351
Postoperative PRA (ng/ml/h) 0.99 (0.44–4) 3.98 (1.115–6.845) 0.0154
Postoperative ARR (ng/dl per ng/ml/h) 25.175 (10.545–71.72) 9.515 (5.94–31.875) 0.0557
Presence of hypokalemia after surgery 2 (5%) 1 (5%) 0.9682
ALR 2.005 (1.56–2.55) 2.815 (2.13–3.54) 0.0031
CON 1.69 (1.20–2.465) 1.315 (1.14–1.49) 0.0833
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history, tumor size, preoperative antihypertensive medications,
preoperative systolic BP, preoperative diastolic BP, preoperative
PAC, preoperative PRA and preoperative ARR. Postoperative
clinical and biochemical profiles were similar except borderline
lower PAC in patients with KCNJ5-L168R point mutation (20.05
ng/dl [12.24–32.15] versus 37.27 ng/dl [31.75–42.72], p = 0.07).
ALR of KCNJ5-G151R was significantly lower than of KCNJ5-
L168R point mutation (2.565 [2.115–3.20] versus 3.415 [3.145–
4.725], p = 0.0471;Figure 3). Therewas nodifference between these
pointmutations regarding toCON(1.645 [1.145–2.465] versus 1.83
[1.435–2.815], p = 0.5536; Figure 3). ROC analysis showed that
with cutoff of 2.98, ALR had best ability to differentiate KCNJ5-
G151R from KCNJ5-L168R point mutation. The sensitivity,
specificity, positive predictive value, negative predictive value, and
accuracy were 75%, 100%, 100%, 50%, 80%, respectively. The
patients’ characteristics were listed in Table 2.
DISCUSSION

In the present study, we found significant correlation between
NP-59 uptake and KCNJ5 mutation. Adrenal glands with tumor
harboring KCNJ5 mutation had higher NP-59 uptake than
Frontiers in Endocrinology | www.frontiersin.org 477
contralateral adrenal glands both by direct comparison (CON)
and corrected by liver background (ALR). Furthermore, tumors
with KCNJ5-G151R point mutation had significantly higher ALR
than those with KCNJ5-L168R point mutation. To our
knowledge, this is the first study analyzing SPECT/CT imaging
to predict genetic mutation.

Five decades have passed since the first adrenal cortical
imaging agent was developed (13). Basic concept is that
cholesterol is the key component of hormones released from
adrenal cortex, and radiolabeled cholesterol should be able to
lead the way to imaging the factory. The original compound was
125I-19-iodochelesterol (14, 15) followed by first-in-human study
by Beierwaltes et al. (16). Subsequent studies using 131I-19-
iodochelesterol were applied to variety of adrenal diseases such
as Cushing’s syndrome and primary aldosteronism (17–19). A
chemical impurity 131I-6b-iodomethyl-19-norchelesterol (NP-
59) was found during the synthesis of 19-iodochelesterol which
showed three to five times higher adrenal uptake (20).

Criticism to NP-59 adrenal scintigraphy in PA lateralization
also arose with long history, mainly based on limited imaging
resolution resulting in poor ability to detect small APAs (21).
Guideline by expert consensus has addressed that NP-59 adrenal
scintigraphy has no role in subtype evaluation of PA (22). Great
FIGURE 1 | Comparison of semiquantitative parameters of NP-59 adrenal scintigraphy according to KCNJ5 mutation status.
FIGURE 2 | Comparison of semiquantitative parameters of NP-59 adrenal scintigraphy according to different point mutations of KCNJ5. ns, non-significant.
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effort has been put on improving imaging quality by SPECT to
illustrate adrenal lesions more clearly (23–25). We have
previously reported the most comprehensive study using
SPECT/CT to differentiate APA from idiopathic bilateral
adrenal hyperplasia with sensitivity and specificity of 82% and
Frontiers in Endocrinology | www.frontiersin.org 578
67%, respectively (8). Semiquantitative analysis could be easily
performed from SPECT/CT imaging. We furthermore applied
two semiquantitative parameters, ALR and CON, to predict
postsurgical outcome which found that ALR and CON greater
than the cutoff were significantly correlated with improvement of
FIGURE 3 | Representative NP-59 adrenal SPECT/CT and KCNJ5mutation status. Upper panel, findings of a 40-year-old female without KCNJ5mutation. SPECT (A), CT
(B) and fusion SPECT/CT (C) showed moderate NP-59 uptake at left adrenal gland with ALR of 2.62 and CON of 1.38. Lower panel, findings of a 54-year-old male with
KCNJ5mutation. SPECT (D), CT (E) and fusion SPECT/CT (F) showed significant NP-59 uptake at left adrenal gland with ALR of 3.72 and CON of 2.41.
TABLE 2 | Characteristics of clinical and NP-59 adrenal scintigraphy regarding to different point mutation of KCNJ5.

KCNJ5-G151R (n = 16) KCNJ5-L168R (n = 4) p

Age 53 (44–59) 48 (37–57) 0.5700
Gender Male = 9, Female = 7 Male=2, Female=2 0.8676
Hypertension history (year) 6 (3–14) 3 (1.25–9.5) 0.3652
Size (cm) 1.5 (1.15–1.8) 2.05 (1.45–2.5) 0.1550
Preoperative antihypertensive medications 3 (1.5–3) 4 (2–5.5) 0.2624
Preoperative systolic BP (mm Hg) 141 (135.5–151) 156 (133.5–167) 0.2981
Preoperative diastolic BP (mm Hg) 86 (81–94) 92 (80–104.5) 0.5072
Preoperative PAC (ng/dl) 68.56 (43.465–79.525) 50.095 (37.5–103.195) 0.7768
Preoperative PRA (ng/ml/h) 0.39 (0.14–0.70) 0.12 (0.055–0.725) 0.3940
Preoperative ARR
(ng/dl per ng/ml/h)

257.47 (79.97–416.565) 815.665 (292.2–2030.715) 0.3445

Presence of hypokalemia before surgery 9 (56%) 2 (50%) 0.8802
Postoperative systolic BP (mm Hg) 124.5 (119–140.5) 123.5 (115.5–126.5) 0.5082
Postoperative diastolic BP (mmHg) 80.5 (72–87) 76.5 (72–79) 0.3937
Postoperative PAC (ng/dl) 37.27 (31.75–42.72) 20.05 (12.24–32.15) 0.0725
Postoperative PRA (ng/ml/h) 3.98 (1.115–6.59) 4.055 (1.035–15.5) 0.8501
Postoperative ARR (ng/dl per ng/ml/h) 9.515 (6.33–32.025) 15.255 (1.04–31.875) 0.4497
Presence of hypokalemia after surgery 0 0 N/A
ALR 2.565 (2.115–3.20) 3.415 (3.145–4.725) 0.0471
CON 1.645 (1.145–2.465) 1.83 (1.435–2.815) 0.5536
April 2021 | Volume 12 | Article
 644927

https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles


Lu et al. NP-59 in Predicting KCNJ5 Mutation
postsurgical outcome (9). In Taiwan mini-frontier of primary
aldosteronism we suggested that NP-59 adrenal scintigraphy is
an alternative method for lateralization when AVS is not
available based on the above mentioned evidence (26).

Recognition of KCNJ5 mutation in APAs by Choi et al. in
2011 is the most tremendous progression to understand the
pathophysiology of PA. KCNJ5mutation altered the selectivity of
encoding potassium channel which lead to cell membrane
depolarization, influx of calcium ion and subsequent
aldosterone production (6). KCNJ5 is the most frequent genetic
mutations in APAs with overall prevalence of 43%, ranging from
12% to 80% and it is widely studied for the correlation with
phenotype, mainly in female, with younger age, larger tumor and
higher PAC (7). Moreover, KCNJ5 mutations were associated
with postsurgical outcome. Kitamoto et al. found that patients
with KCNJ5mutation had higher rate of hypertension resolution
and decreased left ventricular hypertrophy after adrenalectomy
(27). Vilela et al. also represented that KCNJ5 mutation is the
only independent predictor of hypertension remission (28).
Change et al. recently demonstrated that mutation carriers had
higher greater decrease in left ventricular mass index (LVMI)
and inappropriately LVMI in a prospective cohort (29).

The importance of KCNJ5 mutation arises from its high
prevalence, phenotype association and postsurgical outcome
correlation. However, KCNJ5 mutation is only available with
surgical specimen. Therefore, we aimed to utilize NP-59 adrenal
scintigraphy as an imaging biomarker to predict KCNJ5
mutation. In fact, it is common to use nuclear medicine
imaging to predict disease biomarkers since it is noninvasive
and easily to manipulate. Radiomics extracts quantitative
imaging data and associates these features to relevant clinical
profiles. Several studies have addressed the correlation between
mutations and semiquantitative parameters of nuclear medicine
imaging and the most relevant example is to predict EGFR
mutation in lung cancer by 18F-fluorodeoxyglucose (FDG)
positron emission tomography (PET). Maximal standard
uptake value (SUVmax), which is the most commonly used
semiquantitative parameter in PET, is associated with non-small
cell lung cancer (NSCLC) with EGFR mutation and ALK
positivity showing higher value (30). Radiomic features and
conventional parameters (metabolic tumor volume and
SUVmax) were proved to predictive of EGFR mutation in
NSCLC (31). SUVmax is also shown to be correlated with
KRAS mutation in colorectal cancer, BRAFV600E mutation in
thyroid cancer and HER2 expression in gastric cancer (32–34).

In the present study we found that APA with KCNJ5mutation
expressed significantly higher NP-59 uptake than those without
KCNJ5 mutation, in terms of ALR and CON. This correlation
could be explained by the straightforward mechanism. Mutated
channels alter the permeability of sodium which lead to
depolarization of cell membrane and subsequent autonomous
aldosterone production. Aldosterone production requires
cholesterol as synthesis material and radiolabeled cholesterol,
NP-59, is delivered to the overproduction side of adrenal gland.
Mutated APAs produce more aldosterone than wild-type APAs
which lead to more NP-59 uptake. In our cohort this genetic
Frontiers in Endocrinology | www.frontiersin.org 679
difference reflects both on the level of phenotype, preoperative
PAC, and of molecular imaging, NP-59 adrenal scintigraphy.

AVS is currently the gold standard for lateralization and some
studies have addressed the impact of KCNJ5 mutation on
lateralization index (LI). In 170 PA patients Seccia et al. evaluated
40 of themwith selective index of AVS greater than 2.0 at both side,
and found that LI was significantly higher in APA with KCNJ5
mutations those without mutations (p = 0.02, detail value of LI not
specified in the study) (35). Zheng et al. analyzed a larger Chinese
cohort with 162 PA patients which revealed borderline higher LI in
APA with KCNJ5 mutations than those without mutations (10.9
[7.5–22.7] versus6.4 [3.0–10.6], p=0.053) (36). In contrast,Oßwald
et al. found 19 PA patients harboring KCNJ5mutation had similar
LI compared to 32 patients without KCNJ5 mutation (20.5,
interquartile range 30.3 versus 16.0, interquartile range 41.9) (37).
The conflict and nonreplicated results not only attract attention of
necessity of larger study, but also face up the contentious issues of
AVS such as unstandardized protocol, different interpretation
criteria and variable failed rate. NP-59 adrenal scintigraphy is an
ancient nuclear medicine study with well-established protocol and
sufficient evidence for both interpretation, lateralization and
prognosis. Considering noninvasive nature and beneficial both
for lateralization and mutation prediction, it is reasonable to have
NP-59 adrenal scintigraphy before further treatment.

It is important to conduct the correlation between genotype
and imaging findings into clinical practice, mainly referring to
treatment. Predicting EGFR mutation by SUVmax of PET could
identify proper candidate who may be beneficial from target
therapy. In the present study we expect to use NP-59 adrenal
scintigraphy selecting patients who may beneficial from medical
treatment other than mineralocorticoid receptor antagonist
(MRA). MRA is the drug of choice for bilateral disease as well
as for patients who have contraindications to surgery or are not
willing to receive surgery (which is common in Eastern
countries) (22). The first line MRA is spironolactone acting by
direct antagonizing the receptors which effectively lowers PAC.
Side effects come along with its affinity to androgen receptor
leading to gynecomastia and erectile dysfunction in male and to
progesterone receptor leading to menstrual irregularity in female
(38). In the SPARTACUS trial 57% of the patients developed
these side effects from spironolactone compared with 1% of the
adrenaletomy patients. This dose-dependent side effect has
indeed limited the clinical application (39). Eplerenone is an
alternative MRA when spironolactone is not tolerated or optimal
BP is not achieved (22). It is selective for mineralocorticoid
receptor without significant interaction with androgen or
progesterone receptor and therefore it has much lower side
effect compared to spironolactone (40). However, Eplerenone
has less affinity to mineralocorticoid receptor and is only
approved for PA use in Japan and USA, not in Europe,
Australia and Taiwan (41, 42). Moreover, the price of
eplerenone is 26 times compared to spironolactone in Taiwan.
Epithelial sodium channel antagonists, such as amiloride, are the
second-line choice for medical treatment of PA. It works as
potassium-sparing diuretic which improves hypertension and
hypokalemia. Although less effective than spironolactone,
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amiloride is generally well-tolerated due to lack of androgenic
effect (43, 44). Calcium channel blockers (CCBs) could be a
choice for PA treatment with variable mechanisms and effects.
Dihydropyridine CCBs reduced BP by competing aldosterone
binding to mineralocorticoid receptor (45). However, the
concentration of most dihydropyridine CCBs is not able to
block mineralocorticoid receptor at regular doses in treating
hypertension (46). Several studies have been published to
illustrate the pharmacological effects of above mentioned
alternative medications regarding to KCNJ5 mutation. Tauber
et al. reported that amiloride and its analog EIPA blocked with
Na+-permeable mutated KCNJ5 cells with L168R point mutation.
Although nondihydropyridine CCBs have no effect on
mineralocorticoid receptor, verapamil and diltiazem showed
potent inhibition of KCNJ5-L168R cells (47). Physicians are
not able to know the effects of these alternative medications
before prescription. In our cohort, patients harboring KCNJ5-
L168R mutation had significantly higher ALR compared to those
with KCNJ5-G151R mutation. It is of great novelty that
amiloride and verapamil/diltiazem may work on patients with
stronger potency and less side effects by the mutation status
provided by NP-59 adrenal scintigraphy.

Recently macrolide antibiotics is proved to inhibit HEK293T
cells transfected with mutated KCNJ5 but not to wild-type cells
without antibiotic activity (48). Thereafter Caroccia et al.
proceeded the study which demonstrated that clarithromycin
lowered CYP11B2 gene expression and aldosterone secretion in
CD56+cells ex vivo fromKCNJ5mutatedAPAs, but not inCD56+
cells from wild-type APAs (49). NP-59 adrenal scintigraphy
provides noninvasive method to predict KCNJ5 mutation and
may be able to identify patients beneficial to macrolide treatment.
For patients intolerable to the dose-dependent side effect of
spironolactone who may harboring KCNJ5 mutation predicted
by NP-59 adrenal scintigraphy, macrolide could be a choice to
treatment regimen in the future, and the key point is to identify
KCNJ5mutation in advance.

There are some limitations in our study. First, the retrospective,
single-center design with relatively small sample size may lead to
selection bias. Second, the patients in the present study were all
Taiwanese. There is significant difference among races regarding to
KCNJ5 mutation rate. Higher KCNJ5 mutation rate was noted in
EasternAsians (70%)compared toCaucasians (38%)(50).Validation
of our results to general population requires more comprehensive
survey. Third, other gene mutations such as ATP1A1, ATP2B3,
CACNA1D, and CTNNB1 account for a certain portion of somatic
Frontiers in Endocrinology | www.frontiersin.org 780
mutations in APA (51). Although thesemutations were not found in
the present cohort, it is not negligible and further study should
be conducted.

In conclusion, our study suggested that semiqualitative
parameters from NP-59 adrenal scintigraphy could predict
KCNJ5 mutations in PA patients. APAs harboring KCNJ5
mutations had significantly higher ALR and borderline higher
CON than those without KCNJ5 mutations. Furthermore, APAs
with KCNJ5-L168R mutation had significantly higher ALR
than those with KCNJ5-G151R point mutation. Precision
medicine, which individualized treatment based on distinct
signature of each patient, is the trend of disease management.
Our study is a proof-of-concept and the first study applying
SPECT to predict mutation status which may be utilized in
treatment plan of PA.
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Objectives: The main cardiac features of primary aldosteronism (PA) are impaired left
ventricular (LV) diastolic function, and some articles also reported more cardiac fibrosis in
PA patients. However, the correlation between LV dysfunction and diffuse myocardial
fibrosis in PA remains unknown.

Methods:We enrolled 84 PA patients and 28 essential hypertension (EH) patients in West
China Hospital. Cardiac magnetic resonance imaging (CMR) contrast enhancement was
arranged for all subjects. Postcontrast T1 time and left ventricular myocardial strains and
strain rates were measured.

Results: 76 PA patients and 27 essential hypertension (EH) patients were included in the
final analysis. Blood pressure, LV mass indexes, and LV ejection fractions were
comparable in both groups, while the global circumferential peak diastolic strain rate
(PDSR) was lower (0.9 ± 0.3 vs. 1.1 ± 0.4, p <0.01) and the postcontrast T1 time was
shorter (520 ± 38 vs. 538 ± 27, p = 0.01) in PA patients than those in EH patients.
Postcontrast T1 time (p = 0.01) was independently related to global circumferential PDSR
after adjusting for age and duration of hypertension in PA patients. Furthermore, plasma
aldosterone concentration was negatively associated with postcontrast T1 time (R = −0.253,
p = 0.028) in PA patients.

Conclusions: The global circumferential PDSR derived by CMR is decreased, and the
diffuse myocardial fibrosis is increased in PA patients compared to those in blood
pressure matched EH patients. The severity of cardiac diastolic dysfunction
independently relates to the degree of diffuse myocardial fibrosis in PA patients, and
the diffuse myocardial fibrosis may be caused by high PAC level.

Clinical Trial Registration: http://www.chictr.org.cn/listbycreater.asp, identifier
ChiCTR2000031792.

Keywords: primary aldosteronism, essential hypertension, left ventricular function, the global circumferential
PDSR, myocardial fibrosis, CMR
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INTRODUCTION

Primary aldosteronism (PA), characterized by the overproduction
of aldosterone that seems autonomous from renin (1), is the most
common endocrine cause of hypertension and contributes more
than 10% to the etiology of hypertension (2) and 29.1% to the
etiology of resistant hypertension (3). In addition to high blood
pressure, increased aldosterone, which has proinflammatory (4)
and profibrotic effects (5) on myocardial tissues, is another risk
factor for cardiovascular diseases. Previous clinical studies have
shown that PA patients are prone to cardiovascular complications
(6–9). PA patients revealed a significantly higher prevalence of
coronary artery disease (adjusted OR, 1.9), nonfatal myocardial
infarction (adjusted OR, 2.6), heart failure (adjusted OR, 2.9), and
atrial fibrillation (adjusted OR, 5.0) than essential hypertension
(EH) patients (6). Moreover, Reincke et al. (8) reported that
cardiovascular mortality was the leading cause of death in PA
(50%) and occurred less frequently in EH controls (34%).

It is well known that PA patients’ major cardiac damage is
impaired left ventricular function (10, 11), leading to poor prognosis
in PA patients. The pathophysiological mechanism of left
ventricular dysfunction in PA patients remains unclear. Studies
have found that cardiac dysfunction results from fibrosis of the
myocardium in many diseases, such as heart failure (12),
hypertrophic cardiomyopathy (13), and diabetic patients (14). As
to if myocardial fibrosis increases in PA patients, the answer is still
controversial (15–19). Cardiac biopsy samples from four male PA
patients exhibited 1.5-fold more fibrosis than those from EH
patients (14% vs. 6%) (18). A late gadolinium enhancement study
using cardiac magnetic imaging (CMR) proved that patients with
PA exhibit more frequent diffuse myocardial fibrosis than healthy
volunteers (16) and EH patients (17). Moreover, adrenalectomy was
proven to reverse myocardial fibrosis in PA patients (19). However,
Gretaas et al. (15) reported that increased myocardial fibrosis was
not found andmay not represent a common clinical problem in PA.

CMRoffers a non-invasive, highly accurate assessment of cardiac
function and geometry, and contrast-enhanced T1 mapping can
provide evidence of diffuse myocardial fibrosis (14, 20). Post-
contrast myocardial T1 time is inversely correlated with
histologically defined interstitial fibrosis, so shorter postcontrast
T1 time represents more interstitial fibrosis (21, 22). However, the
correlation of left ventricle (LV) dysfunction andmyocardial fibrosis
in PA patients remains unknown. Thus, the aims of the prospective
observational study were as follows: (1) to compare global
postcontrast T1 time between PA patients and age-, sex-, body
mass index-, blood pressure-, and hypertension duration-controlled
EH subjects; and (2) if the PA patients own shorter postcontrast T1
time, we will try to explore the relationship between cardiac left
ventricular function and myocardial fibrosis in PA patients.
MATERIALS AND METHODS

Study Population
From April 2018 to May 2019, 84 PA patients were recruited
from the inpatient department of Endocrinology and
Frontiers in Endocrinology | www.frontiersin.org 284
Metabolism of West China Hospital. 28 EH patients were
recruited from the medical examination center of West China
Hospital. All the subjects were of Han ethnicity and between 22
and 78 years old. All the patients completed the initial screening
test of the plasma aldosterone/renin ratio (ARR) for PA, plasma
renin activity (PRA) <0.2 ng/ml/h was set as 0.2 for the
calculation of the ARR to avoid inflation due to a very low
denominator. According to the guidelines, before the initial
screening, all the subjects had been on stable antihypertensive
treatment with an a1-adrenergic receptor antagonist alone or
verapamil sustained-release agent or hydralazine, and with
normal serum potassium levels. The duration of stable
antihypertensive treatment depended on the antihypertensive
drugs the patients were taking. MR antagonists (e.g.,
spironolactone, eplerenone), potassium-sparing diuretics
(e.g., amiloride, triamterene), and potassium-wasting diuretics
(e.g., hydrochlorothiazide, furosemide) should be withdrawn for
at least four weeks before ARR testing. Angiotensin-converting
enzyme inhibitors, angiotensin receptor blockers, renin
inhibitors, dihydropyridine calcium channel antagonists, b-
Adrenergic blockers, and central a-2 agonists (e.g., clonidine,
a-methyldopa) should be withdrawn for at least two weeks
before ARR testing. The PA patients were further diagnosed by
confirmatory tests of saline infusion and/or captopril challenge
according to current guideline (23). The exclusion criteria
included the following: ① subjects with a history of congestive
heart failure, chronic steroid therapy or chronic kidney disease
(estimated glomerular filtration rate <60 ml/min); ② subjects
with clinical indications of other secondary causes of
hypertension except for PA, such as renal artery stenosis,
pheochromocytoma, Cushing’s syndrome, and hyperthyroidism.

This study was revised and confirmed by the Ethics Committee
ofWest China Hospital. Before the study, written informed consent
was obtained from each individual. Our study was registered in the
Chinese clinical trial registry (ChiCTR2000031792).

Demographic Characteristics and
Laboratory Determinations
Two trained staff members recorded the clinical characteristics of
subjects with a standard questionnaire. Physical examination was
performed on all the subjects, including body height, weight,
waist circumference, and blood pressure. Body mass index (BMI)
was computed as body weight in kilograms (kg) divided by
height in meters squared (m2). The body surface areas were
calculated as 0.0057 × height (cm) + 0.0121 × weight (kg) +
0.0882 for males and 0.0073 × height (cm) + 0.0127 × weight (kg)
− 0.2106 for females. All patients underwent 24-hour ambulatory
blood pressure monitoring three days before the CMR scan.

After overnight fasting (≥8 h), venous blood samples were
collected to measure plasma aldosterone concentration (PAC),
PRA, and other biochemical parameters. Radioimmunoassay
was used to measure PAC and PRA (Beijing North Institute of
Biotechnology Co., St. Panjia Miao, Beijing). Serum potassium,
serum sodium, total cholesterol, triglycerides, low-density
lipoprotein cholesterol, high-density lipoprotein cholesterol,
pro-brain natriuretic peptide (pro-BNP), creatine kinase MB,
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troponin T, and myoglobin concentrations were measured for all
patients using automated, standardized equipment by the
Clinical Laboratory at West China Hospital.

Cardiovascular Magnetic
Resonance Protocol
CMR was performed with a 3.0 T MRI imager (Trio Tim; Siemens
Medical Solution, Erlangen, Germany) using an eight-channel
phased-array surface coil and prospective electrocardiographic
triggering. Patients assumed a supine position, and ECG gating
and respiratory gating were used throughout the scan. The cine
images of the short-axis covering the LV and the long-axis (two-,
three- and four-chamber views) were obtained with a segmented
balanced steady-state-free-precession sequence. The scanning
parameters were TR/TE 3.4/1.3 ms, flip angle 50°, a field of view
320–340 mm, matrix size 256 × 144, and section thickness, 8 mm
with no gap.

Postcontrast T1 maps were acquired using modified look-
locker inversion recovery sequence (total acquisition is 17
heartbeats, TR/TE 2.9/1.12 ms, 8 mm thickness, in-plane spatial
resolution 2.4 mm × 1.8 mm, matrix size 192 × 144, flip angle 35°,
bandwidth 930 Hz/pixel, TI of first experiment 100 ms, TI
increment 80 ms, parallel imaging 2), which was recommended
by the Society for Cardiovascular Magnetic Resonance (24).
Postcontrast T1 mapping was performed 15 min after the
intravenous bolus injection administration of gadobenate
dimeglumine (MultiHance; 0.5 mmol/ml; Bracco, Milan, Italy)
at a dose of 0.15 mmol/kg body weight. About the gadolinium-
based contrast doses, 0.1–0.2 mmol/Kg is recommended for T1
mapping in the European Association for Cardiovascular Imaging
recommendation (24). Our research center used 0.15 mmol/kg to
detect T1 mapping for many years. Some researches have been
Frontiers in Endocrinology | www.frontiersin.org 385
reported (25–27). Figure 1 shows the contrast-enhanced T1 maps
of two PA patients and two EH patients.

CMR Data Analysis
All imaging data of PA patients and EH subjects were uploaded
to Argus software (Siemens Healthcare, Erlangen, Germany).
Two experienced radiologists blinded to clinical data defined the
end-diastole, end-systole, and delineated LV endocardial and
epicardial borders (Figure 2). LV end-diastolic volume, LV end-
systolic volume, LV mass, and LV ejection fraction were then
calculated, and volumes and mass were indexed to body surface
area. The software also automatically calculated the global
myocardial strain parameters, including radial, circumferential,
and longitudinal peak strain (PS), peak systolic strain rate
(PSSR), and peak diastolic strain rate (PDSR), and the intra-
and inter-observer variability were calculated. To evaluate diffuse
myocardial fibrosis, post-processing software (Qmass 7.6; Medis,
The Netherlands) was used to measure the value of myocardial
native T1 time and postcontrast T1 time at the mid-layer
myocardium of left ventricular basal, middle and apical
segments. To attain blood T1, the regions of interest in the
blood pool of the LV cavity in pre- and post-contrast T1-
mapping images were drawn. ECV was calculated as: ECV= (1 −
hematocrit) × (DR1myocardium − DR1blood), in which R1 = 1/T1.

Statistical Analysis
Normally distributed data were expressed as the mean (± SD) for
continuous variables, and categorical variables were expressed as
percentages. Skewed variables were logarithmically transformed
before analysis and expressed as medians (interquartile ranges).
The quantitative variables were compared using a t-test, while
the qualitative variables were compared using the c2 test.
A B

C D

FIGURE 1 | Representative contrast-enhanced T1 maps of primary aldosteronism patients [(A) patient 1, post T1 of 451.1 ms. (B) patient 2, post T1 of 426.7 ms]
and essential hypertension patients [(C) patient 3, post T1 of 568.4 ms. (D) patient 4, post T1 of 589.5 ms].
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Univariable analysis was performed to discover the correlation of
the global circumferential PDSR with postcontrast T1 time and
other risk factors. The association of the global circumferential
PDSR with postcontrast T1 time in PA patients was analyzed
with the stepwise multivariate analysis. Variables included in the
regression model were those parameters p ≤0.1 in univariable
analysis. P ≤0.05 was considered statistically significant.
Pearson’s analysis was used to test the relationship between
PAC and postcontrast T1 time in PA patients. Analyses were
performed with SPSS 17.0 (Chicago, IL) for Windows.
RESULTS

Characteristics and Metabolic Parameters
of PA and EH Patients
All patients successfully underwent CMR except for nine patients
(eight PA patients and one EH patient) who had severe
arrhythmia, causing ECG synchronization failure during the
study session. Therefore, 76 PA patients and 27 EH patients
were included in the analysis. Table 1 shows the demographic
characteristics and laboratory data of the subjects. Age, duration
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of hypertension, waist circumference, BMI, systolic blood
pressure, and diastolic blood pressure did not significantly
differ between the EH and PA groups. PA patients had higher
PAC levels, ARR, high-density lipoprotein cholesterol, serum
sodium, and pro-BNP, and lower levels of PRA and serum
potassium than those in EH patients.

CMR Data in PA and EH Patients
CMR results for LV mass, volumes, function, and contrast-
enhanced T1 mapping are summarized in Table 2. No
significant differences were found in LV mass index, LV end-
diastolic volume index, LV end-systolic volume index, and LV
ejection fraction between PA patients and EH patients. As to T1
mapping, PA patients possessed significantly shorter post-T1 time
(520 ± 38 vs. 538 ± 27, p = 0.01), higher native T1 (1,228 ± 40 vs.
1,196 ± 44, p <0.01) and ECV (27 ± 4 vs. 25 ± 3, p = 0.02) than EH
patients. Data on LV function are also presented in Table 2. The
global circumferential PDSR (0.9 ± 0.3 vs. 1.1 ± 0.4, p <0.01) was
decreased in PA patients than EH patients. Other LV function
parameters, including the global radial, circumferential, and
longitudinal PS, PSSR, and radial, longitudinal PDSR, did not
show significant differences between the two groups.
A D

E

B

C

FIGURE 2 | Cardiac magnetic resonance feature tracking of the left ventricle in PA patient. Panels (A–C) showed countering for LV longitudinal (A), circumferential
(B), and radial (C) strain and strain rate. Panel (D) showed tracking in the short-axis image with circumferential and radial strain curves. Panel (E) showed tracking
from the four-chamber image to derive longitudinal strain.
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Factors Affecting Global Circumferential
PDSR in PA Patients
To further identify the parameters affecting global
circumferential PDSR in PA patients, we used univariate
analysis to demonstrate the relationship between global
circumferential PDSR and potentially related factors. Global
circumferential PDSR statistically related to age (R = 0.39,
p <0.01), duration of hypertension (R = −0.21, p = 0.08) and
postcontrast T1 time (R = 0.30, p = 0.01).

Independent Determinants of LV Global
PDSR in PA Patients
Parameters that are p ≤0.1 (Table 3) in univariable analysis were
included in the multiple linear regression model. Specifically, age,
hypertension duration, and postcontrast T1 time were brought
into the multiple linear regression of global circumferential
PDSR. Table 4 showed the multiple linear regression results,
which demonstrated that postcontrast T1 time was
independently associated with the global circumferential PDSR
(b = 0.257, p = 0.012, model R = 0.593) after adjusting for age
and duration of hypertension.
Frontiers in Endocrinology | www.frontiersin.org 587
Postcontrast Myocardial T1 Time
Negatively Related to PAC in PA Patients
As showed above, the global circumferential PDSR was lower
in PA patients than EH patients but not statistically related
to PAC. However, Pearson’s analysis (Figure 3) showed that
PAC was negatively related to postcontrast myocardial T1 time
(R = −0.253, p = 0.028).

Postcontrast Myocardial T1 Time
Negatively Related to PAC in PA Patients
Inter-observer variabilities of tissue tracking between two
experienced radiologists were minimum, which were shown in
Table 5. Correlation coefficient r were 0.749–0.957, p <0.001 for
TABLE 1 | Demographic characteristics and laboratory data of patients.

Variable EH (n = 27) PA (n = 76) P value

Age, year 46 ± 15 48 ± 11 0.62
Women, number (% in total number) 15 (54) 54 (72) 0.16
Duration of hypertension, month 72 (96) 36 (114) 0.42
Waist, cm 89 ± 7 88 ± 10 0.80
BMI, kg/m2 25 ± 3 25 ± 4 0.50
SBP, mmHg 146 ± 11 145 ± 17 0.86
DBP, mmHg 94 ± 12 93 ± 11 0.69
TG, mmol/L 1.5 (0.9) 1.3 (0.9) 0.09
TC, mmol/L 4.3 ± 1.0 4.5 ± 0.9 0.42
LDL-C, mmol/L 2.5 ± 0.8 2.7 ± 0.7 0.29
HDL-C, mmol/L 1.2 ± 0.4 1.4 ± 0.4 0.04
PAC, ng/dl 23 ± 9 32 ± 12 <0.01
PRA, ng/ml/h 3.0 (2.7) 0.2 (0.5) <0.01
ARR, IU/L 9 (6) 102 (104) <0.01
K, mmol/L 4.0 ± 0.4 3.5 ± 0.6 <0.01
Na, mmol/L 141.7 ±

1.6
142.8 ± 2.2 0.02

Pro-BNP, pg/ml 45 (38) 76 (93) <0.01
CKMB, ng/ml 1.0 (0.5) 1.1 (0.7) 0.32
TPN-T, ng/L 6 (4) 7 (6) 0.64
Myo, ng/ml 28 (15) 29 (11) 0.54
Number of antihypertensive
medications

2.2 ± 0.9 2.0 ± 1.1 0.35

Number (% in total number)
CCB 24 (89) 59 (78) 0.20
ACEI 2 (7) 4 (5) 0.68
ARB 10 (37) 34 (45) 0.49
Diuretics 2 (7) 9 (12) 0.52
a-blocker 7 (26) 15 (20) 0.50
b-blpcker 11 (41) 19 (25) 0.12
MR antagonists 2 (7) 8 (11) 0.64
BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; TC,
total cholesterol; TG, triglycerides; HDL-C, high-density lipoprotein cholesterol; LDL-C,
low-density lipoprotein cholesterol; PAC, plasma aldosterone concentration; PRA, plasma
renin activity; ARR, aldosterone-to-renin ratio; Pro-BNP, pro-brain natriuretic peptide;
CKMB, creatine kinase MB; TPN-T, troponin T; Myo, myoglobin; PTH, parathyroid
hormone; CCB, calcium channel blockers; ACEI, angiotensin-converting enzyme
inhibitors; ARB, angiotensin II receptor blockers.
TABLE 2 | Comparison of CMR results between EH and PA patients.

Variable EH (n = 27) PA (n = 76) P value

LV massi, gm/m2 58 ± 11 59 ± 16 0.87
LVEDVi, ml/m2 79 ± 14 81 ± 15 0.44
LVESVi, ml/m2 32 ± 9 34 ± 11 0.49
LVEF, % 62 ± 11 59 ± 8 0.26
Native T1 time, ms 1,196 ± 44 1,228 ± 40 <0.01
Postcontrast T1 time, ms 538 ± 27 520 ± 38 0.01
ECV, % 25 ± 3 27 ± 4 0.02
PS, %
Radial 44 ± 7 43 ± 9 0.64
Circumferential −15 ± 2 −15 ± 3 0.84
Longitudinal −14 ± 2 −14 ± 3 0.80

PSSR, 1/s
Radial 3.7 ± 0.8 3.4 ± 0.9 0.26
Circumferential −1.5 ± 0.3 −1.5 ± 0.4 0.47
Longitudinal −1.3 ± 0.3 −1.2 ± 0.3 0.19

PDSR, 1/s
Radial −2.7 ± 1.3 −2.2 ± 1.0 0.07
Circumferential 1.1 ± 0.4 0.9 ± 0.3 <0.01
Longitudinal 1.0 ± 0.3 1.0 ± 0.3 0.97
May 2021 | V
olume 12 | Article
LVEDVi, Left ventricular end-diastolic volume index; LVESVi, left ventricular end-systolic
volume index; LV massi, left ventricular mass indexed to body surface area; LVEF, left
ventricular ejection fraction; PS, peak strain; PSSR, peak systolic strain rate; PDSR, peak
diastolic strain rate.
TABLE 3 | Univariable linear regression analysis for global circumferential PDSR
in PA patients.

Variable Correlation Coefficient P value

Age 0.39 <0.01
Gender −0.14 0.22
Ln duration of hypertension −0.21 0.08
BMI 0.11 0.37
SBP 0.05 0.68
DBP −0.08 0.48
HDL-C 0.15 0.19
K −0.17 0.15
Na −0.05 0.68
PAC 0.07 0.58
Ln PRA 0.15 0.21
Ln ARR −0.14 0.25
Ln Pro-BNP −0.02 0.89
Native T1 time −0.08 0.51
Postcontrast T1 time 0.30 0.01
ECV 0.04 0.71
Abbreviations as in Tables 1 and 2.
672557

https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles


Zhou et al. Cardiac Dysfunction Relates to Fibrosis
all. Intra-observer variabilities for tissue tracking were r = 0.816–
0.955, p <0.001 for all. Myocardial tissue tracking was
reproducible and reliable.
DISCUSSION

To the best of our knowledge, this is the first study to
demonstrate the relationship between CMR-verified cardiac
diastolic dysfunction and diffuse myocardial fibrosis assessed
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by postcontrast T1 time in PA patients. Although there was no
significant difference was found in systolic cardiac functions
between PA and EH patients, the global circumferential PDSR
was lower, the native-T1 and ECV were higher, and the post-T1
time was shorter in PA patients than in blood pressure matched
EH patients. In PA patients, postcontrast T1 time independently
related to global circumferential PDSR after adjusting for
confounding factors in the multivariate regression analysis.
Additionally, the postcontrast T1 time is reversely related to
PAC. Our study implies that diffuse myocardial fibrosis, which
may be caused by elevated PAC level, affects left ventricular
diastolic function in PA patients.

In the present study, we also found that the global
circumferential PDSR is a more sensitive indicator for
identifying the left ventricular dysfunction in PA patients than
ejection fraction, PS, and PSSR. Catena found that PA patients
had lower left ventricular diastolic function than EH patients but
no systolic function differences with echocardiographic
measurements (10), which was similar to our finding.
However, Catena (10) and Muiesan (28) also reported greater
left ventricular mass in PA patients than in EH patients, but we
did not see a significant difference in left ventricular mass in this
study. This may be due to our PA patients’ short disease course,
which was not long enough to cause a marked increase in left
ventricular mass. The median of PA patients’ hypertension
duration was 3 years in this study. The PA patients’
hypertension duration was 9.2 ± 8 years in Freel’s study which
also showed no significant difference in LV massi between PA
and EH patients (17). In comparison, PA patients’ mean
hypertension duration was 15 years in Grytaas’ study which
reported higher LV massi in PA patients than healthy subjects
(15). And the mechanisms of aldosterone-induced LV
hypertrophy and aldosterone-induced LV fibrosis were
different. The aldosterone promotes LV hypertrophy by
activating mineralocorticoid receptors (MRs), extracellular
signal-regulated kinase (ERK), c-Jun N-terminal kinase (JNK),
and protein kinase C-a (PKC-a) (29). Basic and clinical studies
found that aldosterone-induced cardiac fibrosis is associated
with the activation of MRs and glucocorticoid receptors (GRs)
through genomic and non-genomic pathways (30). Previous
TABLE 4 | Independent determinants of LV global PDSR in PA patients.

Variable Unstardardized b 95% CI P value

Age 0.994 0.619-1.369 <0.001
Ln duration of hypertension −3.829 −6.371–1.287 0.004
Postcontrast T1 time 0.138 0.031–0.245 0.012
Abbreviations as in Table 2.
FIGURE 3 | Scatterplot showing the correlation between myocardial
postcontrast T1 time (ms) and plasm aldosterone concentration (PAC, ng/dl)
in PA patients. Thus, higher PAC was associated with a higher burden of
interstitial myocardial collagen deposition (represented by a shorter
postcontrast T1 time) in PA patients.
TABLE 5 | Inter-and intra-observer variability of tissue tracking.

Inter-observer 95%CI Intra-observer 95%CI
r (n = 20) r (n = 20)

PS (%)
Radial 0.909 0.757–0.977 0.955 0.7896–0.980
Circumferential 0.874 0.781–0.946 0.823 0.617–0.933
Longitudinal 0.802 0.561–0.965 0.932 0.832–0.978

PSSR (1/s)
Radial 0.941 0.873–0.983 0.940 0.843–0.982
Circumferential 0.939 0.784–0.995 0.887 0.756–0.954
Longitudinal 0.750 0.544–0.935 0.849 0.645–0.989

PDSR (1/s)
Radial 0.889 0.779–0.961 0.937 0.858–0.977
Circumferential 0.957 0.835–0.990 0.816 0.639–0.918
Longitudinal 0.749 0.501–0.945 0.878 0.595–0.996
May 2021 | Volume 12 |
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echocardiography studies showed a decreased global longitudinal
strain in PA patients compared with EH (31, 32). It seems diverse
to our finding. However, they found the lower longitudinal strain
in PA patients, which showed not significantly different in our
study, which may be related to our participant characteristics
with a short duration of hypertension. On the other hand, the
strain rate would be affected by the heart rate. Our study showed
global circumferential PDSR was lower in the PA patients. Still,
the difference of PDSR between PA and EH patients was not
described in Chen’s and Boulestreau’s study, and additional
research is needed to determine the change of PDSR in PA
patients. Furthermore, we found a strong correlation (b = 0.963,
p <0.001) between the global longitudinal PDSR and averaged
across all five layers and the inter-observer and intra-observer
variabilities of global longitudinal PDSR were 0.749 and 0.878.
The value of global longitudinal PDSR in our study was reliable.

Diastolic dysfunction plays a causative role in the process of
cardiac failure (33). In one study that included 6,067 heart failure
patients over 15 years, 47% of patients had a preserved ejection
fraction, and the morbidity/mortality of preserved ejection
fraction heart failure was comparable to that of reduced
ejection fraction heart failure (34). In our study, the median
duration of hypertension was only three years, but the global
circumferential PDSR was decreased in PA patients, indicating
that even patients with a short PA course have already developed
subclinical cardiomyopathy. Therefore, it is essential to assess
cardiac function, especially diastolic function, but not only to
ejection fraction in PA patients with a course of more than three
years to identify subclinical cardiomyopathy.

Several studies have demonstrated that PA patients have
increased fibrosis than healthy volunteers (16, 35) and EH
patients (17, 18, 35). However, Gretaas et al. (15) reported a
reverse result in his research. In the present study, we found that
diffuse myocardial fibrosis represented by postcontrast T1 time
was increased in PA patients compared to blood pressure
controlled EH patients. Abundant elementary experimental
studies supported that aldosterone could promote myocardial
fibrosis directly and indirectly. Aldosterone directly increases rat
cardiac myofibroblast proliferation by activating Ki-RasA, the
MAPK1/2 cascade (36), and insulin-like growth factor-I receptor
(37). Aldosterone also has an indirectly profibrogenic function
by upregulating inflammation in cardiomyocytes (38) and
inhibiting antifibrotic factors, including BNP and ANP (39).
Our study showed that the PAC was negatively related to
postcontrast myocardial T1 time, which indicates that the
diffuse myocardial fibrosis may be caused by high PAC level.

We speculate that the different salt consumption of included
patients may explain the different myocardial fibrosis results in
PA patients in different research. From a rat model of
hyperaldosteronism, the myocardial fibrosis only developed in
rats with high salt intake (40), and Ang II type 1 receptor might
have some implications in this model (41). The habitual dietary
sodium intake of the participants was not recorded in Gretaas’
study (15). However, in Freel’s (17) and our study, patients were
recruited in the local population with consuming a salt-rich diet,
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and myocardial fibrosis was increased. Besides, the serum
sodium of PA patients was higher than EH patients in our study.

CMR-verified diffuse myocardial fibrosis was proved to associate
with diastolic dysfunction in heart failure (12), hypertrophic
cardiomyopathy (13), and diabetic patients (14), but it remains
unknown in PA. Su (16) reported increased myocardial fibrosis and
left ventricular mass in PA patients compared with healthy controls,
but they did not perform a correlation analysis between these two
parameters. Our study proved an independent relationship between
the global circumferential PDSR and CMR-verified diffuse
myocardial fibrosis, suggesting that hyperaldosteronism in PA
may contribute to cardiac dysfunction by promoting
myocardial fibrosis.

Our study had some limitations. The myocardial biopsy is the
gold standard for the diagnosis of cardiomyopathy. Considering
its invasiveness and financial cost, we did not have histological
evidence of myocardial fibrosis to validate the results of T1
mapping. Furthermore, because this was a single-center study,
there is a need for multicenter, large-scale trials to confirm
our findings.
CONCLUSIONS

The global circumferential PDSR derived by CMR is decreased,
and the diffuse myocardial fibrosis is increased in PA patients
compared to those in blood pressure matched EH patients. The
severity of cardiac diastolic dysfunction independently relates to
the degree of diffuse myocardial fibrosis in PA patients, and the
diffuse myocardial fibrosis may be caused by high PAC level.
DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.
ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by the Ethics Committee of West China Hospital. The
patients/participants provided their written informed consent to
participate in this study.
AUTHOR CONTRIBUTIONS

FZ designed research, acquisition, and analysis of data, writing
the manuscript. TW, WW, and SW collection of data. WC
analysis of the data. HT, TC, and JS designed research. YR
designed the study, revising the manuscript, and final approval of
the manuscript submitted. All authors contributed to the article
and approved the submitted version.
May 2021 | Volume 12 | Article 672557

https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles


Zhou et al. Cardiac Dysfunction Relates to Fibrosis
FUNDING

This study was supported by West China Hospital, Sichuan
University (Grant Nos. ZYGD18022 and 2018HXFH009),
Department of Science and Technology of Sichuan Province
(Grant Nos. 2019YJ0040, 2020YFS0123 and 2021YFS0198) and
Health Department of Sichuan Province (Grant No. 20PJ047).
Frontiers in Endocrinology | www.frontiersin.org 890
ACKNOWLEDGMENTS

The authors thank the other investigators, staff, and
participants of the ACWCH for their valuable contributions.
We would also like to thank for Dr. Xiaoyue Zhou from
Siemens Healthineers Ltd., Shanghai, China for the advices
from technical perspective.
REFERENCES

1. Rossi GP, Bisogni V, Bacca AV, Belfiore A, Cesari M, Concistre A, et al. The
2020 Italian Society of Arterial Hypertension (SIIA) Practical Guidelines for
the Management of Primary Aldosteronism. Int J Cardiol Hypertens (2020)
5:100029. doi: 10.1016/j.ijchy.2020.100029

2. Young WF, Calhoun DA, Lenders JWM, Stowasser M, Textor SC. Screening
for Endocrine Hypertension: An Endocrine Society Scientific Statement.
Endocr Rev (2017) 38(2):103–22. doi: 10.1210/er.2017-00054

3. Parasiliti-Caprino M, Lopez C, Prencipe N, Lucatello B, Settanni F, Giraudo
G, et al. Prevalence of Primary Aldosteronism and Association With
Cardiovascular Complications in Patients With Resistant and Refractory
Hypertension. J Hypertens (2020) 38(9):1841–48. doi: 10.1097/HJH.
0000000000002441

4. Buonafine M, Martinez-Martinez E, Amador C, Gravez B, Ibarrola J,
Fernandez-Celis A, et al. Neutrophil Gelatinase-Associated Lipocalin From
Immune Cells is Mandatory for Aldosterone-Induced Cardiac Remodeling
and Inflammation. J Mol Cell Cardiol (2018) 115:32–8. doi: 10.1016/j.yjmcc.
2017.12.011

5. Lijnen P, Petrov V. Induction of Cardiac Fibrosis by Aldosterone. J Mol Cell
Cardiol (2000) 32(6):865–79. doi: 10.1006/jmcc.2000.1129

6. Savard S, Amar L, Plouin P-F, Steichen O. Cardiovascular Complications
Associated With Primary Aldosteronism. Hypertension (2013) 62(2):331–36.
doi: 10.1161/hypertensionaha.113.01060

7. Milliez P, Girerd X, Plouin P-F, Blacher J, Safar ME, Mourad J-J. Evidence for
an Increased Rate of Cardiovascular Events in Patients With Primary
Aldosteronism. J Am Coll Cardiol (2005) 45(8):1243–48. doi: 10.1016/
j.jacc.2005.01.015

8. Reincke M, Fischer E, Gerum S, Merkle K, Schulz S, Pallauf A, et al.
Observational Study Mortality in Treated Primary Aldosteronism.
Hypertension (2012) 60(3):618–24. doi: 10.1161/hypertensionaha.112.197111

9. Seccia TM, Letizia C, Muiesan ML, Lerco S, Cesari M, Bisogni V, et al. Atrial
Fibrillation as Presenting Sign of Primary Aldosteronism: Results of the
Prospective Appraisal on the Prevalence of Primary Aldosteronism in
Hypertensive (PAPPHY) Study. J Hypertens (2020) 38(2):332–39.
doi: 10.1097/HJH.0000000000002250

10. Catena C, Colussi G, Lapenna R, Nadalini E, Chiuch A, Gianfagna P, et al.
Long-Term Cardiac Effects of Adrenalectomy or Mineralocorticoid
Antagonists in Patients With Primary Aldosteronism. Hypertension (2007)
50(5):911–18. doi: 10.1161/hypertensionaha.107.095448

11. Cesari M, Letizia C, Angeli P, Sciomer S, Rosi S, Rossi GP. Cardiac
Remodeling in Patients With Primary and Secondary Aldosteronism.
Circulation: Cardiovasc Imaging (2016) 9(6). doi: 10.1161/circimaging.
116.004815

12. Su M-YM, Lin L-Y, Tseng Y-HE, Chang C-C, Wu C-K, Lin J-L, et al. CMR-
Verified Diffuse Myocardial Fibrosis Is Associated With Diastolic
Dysfunction In Hfpef. JACC: Cardiovasc Imaging (2014) 7(10):991–97.
doi: 10.1016/j.jcmg.2014.04.022

13. Ellims AH, Iles LM, Ling LH, Hare JL, Kaye DM, Taylor AJ. Diffuse
Myocardial Fibrosis in Hypertrophic Cardiomyopathy can be Identified by
Cardiovascular Magnetic Resonance, and is Associated With Left Ventricular
Diastolic Dysfunction. J Cardiovasc Magn Reson (2012) 14(1):76. doi:
10.1186/1532-429X-14-76

14. Ng ACT, Auger D, Delgado V, van Elderen SGC, Bertini M, Siebelink H-M,
et al. Association Between Diffuse Myocardial Fibrosis by Cardiac Magnetic
Resonance Contrast-Enhanced T1 Mapping and Subclinical Myocardial
Dysfunction in Diabetic Patients. Circulation: Cardiovasc Imaging (2012) 5
(1):51–9. doi: 10.1161/circimaging.111.965608
15. Grytaas MA, Sellevag K, Thordarson HB, Husebye ES, Lovas K, Larsen TH.
Cardiac Magnetic Resonance Imaging of Myocardial Mass and Fibrosis in
Primary Aldosteronism. Endocr Conn (2018) 7(3):413–24. doi: 10.1530/EC-
18-0039

16. Su M-YM, Wu V-C, Yu H-Y, Lin Y-H, Kuo C-C, Liu K-L, et al. Contrast-
Enhanced MRI Index of Diffuse Myocardial Fibrosis is Increased in Primary
Aldosteronism. J Magn Reson Imaging (2012) 35(6):1349–55. doi: 10.1002/
jmri.23592

17. Freel EM, Mark PB, Weir RAP, McQuarrie EP, Allan K, Dargie HJ, et al.
Demonstration of Blood Pressure-Independent Noninfarct Myocardial
Fibrosis in Primary Aldosteronism. Circulation: Cardiovasc Imaging (2012)
5(6):740–47. doi: 10.1161/circimaging.112.974576

18. Frustaci A, Letizia C, Verardo R, Grande C, Francone M, Sansone L, et al.
Primary Aldosteronism-Associated Cardiomyopathy: Clinical-Pathologic
Impact of Aldosterone Normalization. Int J Cardiol (2019) 292:141–47.
doi: 10.1016/j.ijcard.2019.06.055

19. Lin YH, Wu XM, Lee HH, Lee JK, Liu YC, Chang HW, et al. Adrenalectomy
Reverses Myocardial Fibrosis in Patients With Primary Aldosteronism.
J Hypertens (2012) 30(8):1606–13. doi: 10.1097/HJH.0b013e3283550f93

20. Mascherbauer J, Marzluf BA, Tufaro C, Pfaffenberger S, Graf A, Wexberg P,
et al. Cardiac Magnetic Resonance Postcontrast T1 Time is Associated With
Outcome in Patients With Heart Failure and Preserved Ejection Fraction. Circ
Cardiovasc Imaging (2013) 6(6):1056–65. doi: 10.1161/CIRCIMAGING.
113.000633

21. Iles L, Pfluger H, Phrommintikul A, Cherayath J, Aksit P, Gupta SN, et al.
Evaluation of Diffuse Myocardial Fibrosis in Heart Failure With Cardiac
Magnetic Resonance Contrast-Enhanced T1 Mapping. J Am Coll Cardiol
(2008) 52(19):1574–80. doi: 10.1016/j.jacc.2008.06.049

22. Sibley CT, Noureldin RA, Gai N, Nacif MS, Liu S, Turkbey EB, et al. T1
Mapping in Cardiomyopathy at Cardiac MR: Comparison With
Endomyocardial Biopsy. Radiology (2012) 265(3):724–32. doi: 10.1148/
radiol.12112721

23. Funder JW, Carey RM, Mantero F, Murad MH, Reincke M, Shibata H, et al.
The Management of Primary Aldosteronism: Case Detection, Diagnosis, and
Treatment: An Endocrine Society Clinical Practice Guideline. J Clin
Endocrinol Metab (2016) 101(5):1889–916. doi: 10.1210/jc.2015-4061

24. Messroghli DR, Moon JC, Ferreira VM, Grosse-Wortmann L, He T, Kellman
P, et al. Clinical Recommendations for Cardiovascular Magnetic Resonance
Mapping of T1, T2, T2* and Extracellular Volume: A Consensus Statement by
the Society for Cardiovascular Magnetic Resonance (SCMR) Endorsed by the
European Association for Cardiovascular Imaging (EACVI). J Cardiovasc
Magn Reson (2017) 19(1). doi: 10.1186/s12968-017-0389-8

25. Yu L, Sun J, Sun J, Li J, Dong Y, Zhou X, et al. Early Detection of Myocardial
Involvement by T1 Mapping of Cardiac MRI in Idiopathic Inflammatory
Myopathy. J Magn Reson Imaging (2018) 48(2):415–22. doi: 10.1002/
jmri.25945

26. Wan K, Li W, Sun J, Xu Y, Wang J, Liu H, et al. Regional Amyloid
Distribution and Impact on Mortality in Light-Chain Amyloidosis: A T1
Mapping Cardiac Magnetic Resonance Study. Amyloid (2019) 26(1):45–51.
doi: 10.1080/13506129.2019.1578742

27. Wang J, Yang F, Liu W, Sun J, Han Y, Li D, et al. Radiomic Analysis of Native
T1 Mapping Images Discriminates Between MYH7 and MYBPC3-Related
Hypertrophic Cardiomyopathy. J Magn Reson Imaging (2020) 52(6):1714–21.
doi: 10.1002/jmri.27209

28. Muiesan ML, Salvetti M, Paini A, Agabiti-Rosei C, Monteduro C, Galbassini
G, et al. Inappropriate Left Ventricular Mass in Patients With Primary
Aldosteronism. Hypertension (2008) 52(3):529–34. doi: 10.1161/
hypertensionaha.108.114140
May 2021 | Volume 12 | Article 672557

https://doi.org/10.1016/j.ijchy.2020.100029
https://doi.org/10.1210/er.2017-00054
https://doi.org/10.1097/HJH.0000000000002441
https://doi.org/10.1097/HJH.0000000000002441
https://doi.org/10.1016/j.yjmcc.2017.12.011
https://doi.org/10.1016/j.yjmcc.2017.12.011
https://doi.org/10.1006/jmcc.2000.1129
https://doi.org/10.1161/hypertensionaha.113.01060
https://doi.org/10.1016/j.jacc.2005.01.015
https://doi.org/10.1016/j.jacc.2005.01.015
https://doi.org/10.1161/hypertensionaha.112.197111
https://doi.org/10.1097/HJH.0000000000002250
https://doi.org/10.1161/hypertensionaha.107.095448
https://doi.org/10.1161/circimaging.116.004815
https://doi.org/10.1161/circimaging.116.004815
https://doi.org/10.1016/j.jcmg.2014.04.022
https://doi.org/10.1186/1532-429X-14-76
https://doi.org/10.1161/circimaging.111.965608
https://doi.org/10.1530/EC-18-0039
https://doi.org/10.1530/EC-18-0039
https://doi.org/10.1002/jmri.23592
https://doi.org/10.1002/jmri.23592
https://doi.org/10.1161/circimaging.112.974576
https://doi.org/10.1016/j.ijcard.2019.06.055
https://doi.org/10.1097/HJH.0b013e3283550f93
https://doi.org/10.1161/CIRCIMAGING.113.000633
https://doi.org/10.1161/CIRCIMAGING.113.000633
https://doi.org/10.1016/j.jacc.2008.06.049
https://doi.org/10.1148/radiol.12112721
https://doi.org/10.1148/radiol.12112721
https://doi.org/10.1210/jc.2015-4061
https://doi.org/10.1186/s12968-017-0389-8
https://doi.org/10.1002/jmri.25945
https://doi.org/10.1002/jmri.25945
https://doi.org/10.1080/13506129.2019.1578742
https://doi.org/10.1002/jmri.27209
https://doi.org/10.1161/hypertensionaha.108.114140
https://doi.org/10.1161/hypertensionaha.108.114140
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles


Zhou et al. Cardiac Dysfunction Relates to Fibrosis
29. Okoshi MP, Yan X, Okoshi K, Nakayama M, Schuldt AJ, O’Connell TD, et al.
Aldosterone Directly Stimulates Cardiac Myocyte Hypertrophy. J Card Fail
(2004) 10(6):511–8. doi: 10.1016/j.cardfail.2004.03.002

30. Tsai CH, Pan CT, Chang YY, Chen ZW, Wu VC, Hung CS, et al. Left
Ventricular Remodeling and Dysfunction in Primary Aldosteronism. J Hum
Hypertens (2021) 35(2):131–47. doi: 10.1038/s41371-020-00426-y

31. Boulestreau R, Cremer A, Delarche N, Gosse P. [Alteration of Left Ventricular
Longitudinal Systolic Function in 2D-Strain in Primary Aldosteronism: A
New Target Organ Damage Marker]. Ann Cardiol Angeiol (Paris) (2018) 67
(5):315–20. doi: 10.1016/j.ancard.2018.08.007

32. Chen ZW, Huang KC, Lee JK, Lin LC, Chen CW, Chang YY, et al. Aldosterone
Induces Left Ventricular Subclinical Systolic Dysfunction: A Strain Imaging
Study. J Hypertens (2018) 36(2):353–60. doi: 10.1097/HJH.0000000000001534

33. Obokata M, Reddy YNV, Borlaug BA. Diastolic Dysfunction and
Heart Failure With Preserved Ejection Fraction: Understanding
Mechanisms by Using Noninvasive Methods. JACC Cardiovasc Imaging
(2020) 13(1 Pt 2):245–57. doi: 10.1016/j.jcmg.2018.12.034

34. Owan TE, Hodge DO, Herges RM, Jacobsen SJ, Roger VL, Redfield MM.
Trends in Prevalence and Outcome of Heart Failure With Preserved Ejection
Fraction. N Engl J Med (2006) 355(3):251–9. doi: 10.1056/NEJMoa052256

35. Redheuil A, Blanchard A, Pereira H, Raissouni Z, Lorthioir A, Soulat G, et al.
Aldosterone-Related Myocardial Extracellular Matrix Expansion in
Hypertension in Humans: A Proof-of-Concept Study by Cardiac Magnetic
Resonance. JACC Cardiovasc Imaging (2020) 13(10):2149–59. doi: 10.1016/
j.jcmg.2020.06.026

36. Stockand JD, Meszaros JG. Aldosterone Stimulates Proliferation of Cardiac
Fibroblasts by Activating Ki-Rasa and MAPK1/2 Signaling. Am J Physiol
Heart Circ Physiol (2003) 284(1):H176–84. doi: 10.1152/ajpheart.00421.2002

37. Bunda S, Wang Y, Mitts TF, Liu P, Arab S, Arabkhari M, et al. Aldosterone
Stimulates Elastogenesis in Cardiac Fibroblasts Via Mineralocorticoid
Frontiers in Endocrinology | www.frontiersin.org 991
Receptor-Independent Action Involving the Consecutive Activation of
Ga13, C-Src, the Insulin-Like Growth Factor-I Receptor, and
Phosphatidylinositol 3-Kinase/Akt. J Biol Chem (2009) 284(24):16633–47.
doi: 10.1074/jbc.M109.008748

38. Latouche C, Sainte-Marie Y, Steenman M, Castro Chaves P, Naray-Fejes-Toth
A, Fejes-Toth G, et al. Molecular Signature of Mineralocorticoid Receptor
Signaling in Cardiomyocytes: From Cultured Cells to Mouse Heart.
Endocrinology (2010) 151(9):4467–76. doi: 10.1210/en.2010-0237

39. Azibani F, Fazal L, Chatziantoniou C, Samuel JL, Delcayre C. Aldosterone
Mediates Cardiac Fibrosis in the Setting of Hypertension. Curr Hypertens Rep
(2013) 15(4):395–400. doi: 10.1007/s11906-013-0354-3

40. Brilla CG, Weber KT. Reactive and Reparative Myocardial Fibrosis in Arterial
Hypertension in the Rat. Cardiovasc Res (1992) 26(7):671–7. doi: 10.1093/cvr/
26.7.671

41. Katayama IA, Pereira RC, Dopona EP, Shimizu MH, Furukawa LN, Oliveira
IB, et al. High-Salt Intake Induces Cardiomyocyte Hypertrophy in Rats in
Response to Local Angiotensin II Type 1 Receptor Activation. J Nutr (2014)
144(10):1571–8. doi: 10.3945/jn.114.192054

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Zhou, Wu, Wang, Cheng, Wan, Tian, Chen, Sun and Ren. This is
an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.
May 2021 | Volume 12 | Article 672557

https://doi.org/10.1016/j.cardfail.2004.03.002
https://doi.org/10.1038/s41371-020-00426-y
https://doi.org/10.1016/j.ancard.2018.08.007
https://doi.org/10.1097/HJH.0000000000001534
https://doi.org/10.1016/j.jcmg.2018.12.034
https://doi.org/10.1056/NEJMoa052256
https://doi.org/10.1016/j.jcmg.2020.06.026
https://doi.org/10.1016/j.jcmg.2020.06.026
https://doi.org/10.1152/ajpheart.00421.2002
https://doi.org/10.1074/jbc.M109.008748
https://doi.org/10.1210/en.2010-0237
https://doi.org/10.1007/s11906-013-0354-3
https://doi.org/10.1093/cvr/26.7.671
https://doi.org/10.1093/cvr/26.7.671
https://doi.org/10.3945/jn.114.192054
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles


Frontiers in Endocrinology | www.frontiersi

Edited by:
Qiang Wei,

Sichuan University, China

Reviewed by:
Silvia Monticone,

University of Turin, Italy
Leonardo Sechi,

University of Udine, Italy
Yoshiyu Takeda,

Kanazawa University, Japan

*Correspondence:
Jeff S. Chueh

jeffchueh@gmail.com

Specialty section:
This article was submitted to

Neuroendocrine Science,
a section of the journal

Frontiers in Endocrinology

Received: 20 December 2020
Accepted: 12 April 2021
Published: 17 May 2021

Citation:
Huang W-C, Chen Y-Y, Lin Y-H

and Chueh JS (2021) Composite
Cardiovascular Outcomes in

Patients With Primary Aldosteronism
Undergoing Medical Versus Surgical

Treatment: A Meta-Analysis.
Front. Endocrinol. 12:644260.

doi: 10.3389/fendo.2021.644260

SYSTEMATIC REVIEW
published: 17 May 2021

doi: 10.3389/fendo.2021.644260
Composite Cardiovascular Outcomes
in Patients With Primary
Aldosteronism Undergoing Medical
Versus Surgical Treatment: A
Meta-Analysis
Wei-Chieh Huang1,2, Ying-Ying Chen3,4, Yen-Hung Lin4,5 and Jeff S. Chueh6*

1 Division of Cardiology, Department of Internal Medicine, Taipei Veterans General Hospital, Taipei, Taiwan, 2 School of Medicine,
National Yang-Ming Chiao-Tung University, Taipei, Taiwan, 3 Division of Nephrology, Department of Internal Medicine, MacKay
Memorial Hospital, Taipei, Taiwan, 4 Graduate Institute of Clinical Medicine, College of Medicine, National Taiwan University
Hospital, Taipei, Taiwan, 5 Department of Internal Medicine, National Taiwan University Hospital, Taipei, Taiwan, 6 Glickman
Urological and Kidney Institute, and Cleveland Clinic Lerner College of Medicine, Cleveland Clinic, Cleveland, OH, United States

Background: Superior outcomes after surgical treatment over medical treatment for
primary aldosteronism (PA) has been reported in small-scale clinical studies, but no solid
conclusion has been drawn as results of large randomized trials are lacking.

Methods:We performed a search of PubMed, MEDLINE, Embase and Cochrane Library
for randomized or observational studies that investigated cardiovascular outcomes in
patients with PA undergoing medical versus surgical treatment. Meta-analyses of both
composite and individual outcomes were conducted. Risks of bias of the included studies
were assessed with Risk Of Bias In Non-randomized Studies of Interventions (ROBINS-I)
checklist. Trial sequential analysis (TSA) was performed to control the risk of random
errors and assess whether the results in our meta-analysis were conclusive.

Results: A total of 12 studies, including a total of 6148 PA patients, were included in the
meta-analysis. The results of meta-analyses demonstrated lower incidence of composite
cardiovascular outcomes among PA patients who underwent surgical treatment over
medical treatment (odds ratio (OR): 0.49). Surgical treatment also led to less incidence of
persistence of hypertension (OR of non-cure hypertension: 0.31). Fewer major
cardiovascular events and mortality events were observed (OR: 0.60) after surgical
treatment. TSA result showed that the required information size was 2151 and the
cumulative Z curve crossed the futility boundary and reached the required information size.

Conclusion: Superior performance of surgical treatment over medical treatment is
confirmed with meta-analyses in terms of lower incidences of composite cardiovascular
outcomes and non-cure of hypertension. Hence, adrenalectomy could now be concluded
as the treatment of choice for lateralized PA.

Keywords: primary aldosteronism, adrenalectomy, mineralocorticoid receptor antagonists, surgical treatment,
medical treatment, ROBINS-I
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INTRODUCTION

Primary aldosteronism (PA) was first described in 1955 as
hypertension, hypokalemia and overproduction of aldosterone
(1). Once thought to be a rare cause of hypertension, PA is now
recognized as the most frequent form of secondary hypertension
(2) and affects about 5% to 10% of patients with high blood
pressure (3). Many studies have shown that PA cases account for
around 5% of the general hypertensive population (3), and 11%
of hypertension patients are referred to specialized centers (2).
Far from being a benign form of hypertension, PA is associated
with higher risks of cardiovascular, renal, and metabolic
sequelae, including left ventricular hypertrophy, myocardial
infarction, atrial fibrillation, stroke, microalbuminuria,
osteoporosis, and metabolic syndrome (4–8).

The two most common subtypes of PA are lateralized PA
(including aldosterone-producing adenoma (APA), (multiple)
aldosterone-producing micronodule(s) (mAPM), or rarely
unilateral hyperplasia) and idiopathic hyperaldosteronism
(IHA) (9). Targeted treatment with either adrenalectomy
(surgery) and mineralocorticoid receptor antagonist (MRA) are
the two common comparative, well-documented treatments to
improve the outcomes of lateralized PA patients (10, 11).
Although adrenalectomy is currently considered as the
standard treatment in lateralized PA patients (9, 12, 13), some
patients might have residual hypertension and still need anti-
hypertensive medications after surgery. The current practice
guideline recommends adrenalectomy for lateralized
aldosterone excess (9, 12), whereas bilateral disease is treated
using MRA (9, 14). However, there are still some patients with
lateralized disease who do not undergo surgical intervention.
Additionally, the reported discordance rate between a lateralizing
adrenal venous sampling (AVS) test and a localizing adrenal CT
scan could be as high as 45% (15, 16), which may lead to
uncertainty of the final diagnosis and hence management with
medical treatment. For these reasons, the relative efficacy of
medical versus surgical therapy for lateralized PA should be
evaluated more clearly.

Previous studies showed similar cardiovascular (10), blood
pressure, and hypokalemia (17) outcomes between surgical or
medical treatment. However, other studies found adrenalectomy
associated with better cure rate of hypertension and hypokalemia
(18), improved quality of life (19), as well as lower incidence of
cardiovascular adverse outcomes (20). Moreover, one recent
study suggested that surgical intervention is superior to
medical therapy for lateralized PA due to excess cortisol co-
existing in PA patients (21). Therefore, we performed this meta-
analysis to elucidate the efficacy between surgical versus medical
therapy for patients with PA.
MATERIALS AND METHODS

Search Strategy and Selection Criteria
We searched PubMed, MEDLINE, Embase, and Cochrane Library
to identify all eligible studies using terms associated with PA.
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Searches were limited to human studies and patients aged over
18 years old. In order to enhance the number of studies included
for screening, broad searching strategies were applied with no
language restriction and any relevant reports published after 1985
were included. The key terms used were “hyperaldosteronism,”
“hyperaldosertonaemia,” “aldoseteronism,” “aldosteronaemia,”
“adrenalectomy (-ies),” “surgery,” “surgical,” “resection,”
“mineralocorticoid receptor antagonists,” and “medical
treatment.” Searches were done up to Feb 28, 2021.

The searched articles were first evaluated at the title or
abstract level and consensus between two independent
investigators (WC Huang, YY Chen) or comments from a
third reviewer (J Chueh) were sought for any disagreements
identified. If the searched articles were potentially relevant, full
articles were further retrieved and evaluated as complete reports
according to the selection criteria. Studies including prospective
study and retrospective studies were selected if the setting of the
studies was to evaluate the outcomes (either hypertension-
related or clinical events) of PA patients comparing the
performance of medical and surgical treatments. Exclusion
criteria were non-human setting, duplicate reporting, studies
without relevant outcome data, absence of a control group,
which referred to the studies presenting the outcomes of either
medical or surgical treatments only, or different settings on the
intervention and control arms. For example, studies using
patients with essential hypertension (EH) as the control group
to demonstrate the superior performance of PA patients after
either medical or surgical treatment were excluded.

Data Extraction and Quality Assessment
Two investigators (WC Huang and YY Chen) independently
extracted data using a standardized data extraction spreadsheet,
with discrepancies resolved by consensus or through a third
reviewer (J Chueh). Extracted data included author, journal, year
of publication, location of the study group, study design, details
of the treatments received by PA patients in both groups, length
of follow-up, numbers of participants enrolled in the studies and
those who reached the desired end-points of the specific studies.
For studies reported in more than one publication, data from the
most complete publication was extracted.

The quality of the included studies was evaluated
independently by two investigators (WC Huang and YY Chen)
using the Risk Of Bias In Non-randomized Studies of
Interventions (ROBINS-I) checklist (22), scoring each study for
the following 7 domains: “Confounding”, “Selection”,
“Classification of intervention”, “Deviation from intervention”,
“Missing data”, “Measurement of outcomes” and “Selection of
repeated result.” Domains were scored as “No information” (0),
“Low” (1—low risk of bias), “Moderate” (2—moderate risk of
bias), “Serious” (3—serious risk of bias) and “Critical” (4—
critical risk of bias). A study was categorized as high quality if
most of the domains were judged to be at low risk of bias.

The pre-defined review protocol was registered at the
PROSPERO international prospective register of systematic
reviews (http://www.crd.york.ac.uk/PROSPERO, registration
number CRD42019119175). The protocol for this trial and
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supporting CONSORT checklist are available as supporting
information; see Checklist S1 and Protocol S1.

Outcomes of Interests
Efficacy outcomes of interest included: (1) Persistence of
hypertens ion and (2) inc idence of major adverse
cardiovascular events (MACEs; the composite occurrence of
myocardial infarction, stroke, coronary revascularization, or
hospitalization because of heart failure) or all-cause mortality.
The ‘composite outcome’ [defined as the existence of either (1) or
(2)] was considered to overcome the challenges caused by diverse
clinical parameters reported in different studies. We considered
the presence of either type of outcomes as the incidence of
unwanted outcomes after treatments, and the composite
outcome was first analyzed to demonstrate the overall effect of
the various treatments, and then the treatment efficacy on the
individual components was also reported.

Statistical Analysis
Data were extracted with the use of a standardized data form and
any discrepancies were resolved by consensus. In order to
compare the differences on the incidence of events between the
2 treatment groups, pooled odds ratios (ORs) with
corresponding 95% CI using the Mantel-Haenszel random-
effects models was constructed with the aid of RevMan 5.3
(The Cochran Collaboration, The Nordic Cochrane Centre,
Copenhagen, Denmark). The assigned weights in the random-
effects model considered the variances of both within-studies and
the between-studies.

The heterogeneity between the studies was evaluated using
the Cochran Q test and the null hypothesis of statistical
homogeneity was rejected if p values found were less than 0.10.
The extent of heterogeneity was further categorized based on the
value of I2: mild (less than 30%), moderate (30–50%) and
substantial (>50%). Graphical inspection on generated funnel
plots was applied to detect publication bias.

Trial Sequential Analysis
Trial sequential analysis (TSA) was performed with the tool
developed by the Copenhagen Trial Unit, Centre for Clinical
Intervention Research, Denmark. In order to see the different
temporal traceries or clinical outcome of current targeted
treatments, e.g. adrenalectomy or MRA, we applied TSA in
enrolled 12 studies to control the risk of random errors and
simultaneously minimize the chance of having type I errors (5%)
due to random error from the included studies with small sample
size, potential bias and low methodological quality, together with
the influence of the inclusion of studies with comparatively large
sample sizes. We used a random effects model to construct the
cumulative Z curve and used an anticipated relative risk
reduction (RRR) of 15.0% with a power of 90% to calculate the
required information size to detect or reject an intervention
effect. The incidence in control arm was adjusted to 37.5% in this
study. The conventional nonsuperiority boundaries were
calculated assuming significance levels of .05 and .05, and a
power of 90%. The a-spending boundaries were also calculated
using significance levels of .01 and .05 and the O’Brien-Fleming
Frontiers in Endocrinology | www.frontiersin.org 394
multiple testing procedure (23). When the cumulative Z curve
crossed the trial sequential monitoring boundary or entered the
futility area, a sufficient level of evidence for accepting or
rejecting the anticipated intervention effect may have been
reached, and no further studies were needed. If the Z curve did
not cross any of the boundaries, and the required information
size had not been reached, evidence to reach a conclusion was
insufficient, and more studies would be required (24). We used
TSA version 0.9.5.5 (reviewed in November 2016) b software was
used for these analyses the cumulative effect of randomized trials
on mortality.
RESULTS

Included Studies
Our initial literature search yielded a total of 372 articles from the
selected databases and hand-searching references through the
applied searching strategy and they were further evaluated for
eligibility at title or abstract level (Figure 1). After the removal of
duplicated and irrelevant records, 59 articles with full-text
articles were further reviewed. Among them, 32 did not show
relevant data, while other 15 articles reported outcomes non-
uniformly with regard to the target treatments. Finally, 12 studies
(6, 10, 18, 20, 25–32) were included in this meta-analysis (Figure
1), resulting in a total of 6148 PA patients who received either
surgical (35.98%) or medical treatment (64.02%). The descriptive
summary for each included study was recapitulated in Table 1.
Types of studies included prospective studies (n = 6) and
retrospective studies (n = 6). Moreover, our previous study had
a heavy weight in this meta-analysis as even the analysis of the
outcomes to either surgical or medical treatment was carried out
at the sub-group analysis level, its large sample size gave the
advantage to maintain study quality, although a separate EH
database was used as a control group which underwent
standardized PA screening evaluation to exclude the possibility
of subclinical PA (30).

Quality Assessment
The result of ROBINS-I tool analysis showed that the overall risk
of bias of the majority of the included studies was from low (1) to
moderate (2) (Table 2). Two of the included retrospective studies
failed to report the handling methods of missing data (18, 30),
which might introduce bias, hence their overall risks of the bias
were relatively higher. Due to the restriction of small sample size
of the included clinical studies, most of the included studies
showed limitations on adjusting the outcome measures with
potential confounding variables (domain 1), and in two of the
included studies serious (25, 30) (3) to critical (4) bias in this
domain was further pointed out. In addition, the risk of bias due
to selection of reported results (domain 7) among the included
studies reached moderate level.

Trial Sequential Analysis
In a TSA on the composite negative outcomes including both
non-cure of hypertension and incidence of adverse
cardiovascular events and all-cause mortality, random-effects
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https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles


Huang et al. Cardiovascular Outcomes in Primary Aldosteronism
model (DL) was applied in the TSA for all 12 included trials. TSA
performed using a significance level of 0.05 and considering that
homogeneity of results was stable showed that around 2151
patients would be needed to reach a stopping boundary of
superiority. However, the Z-curve was parallel to superior
boundary, but crossed the neutrality boundary including all
trials. In our TSA, we included trials of patients, which yielded
enough information size to conclude that the current evidence
reached preliminary conclusion for supporting the superior
Frontiers in Endocrinology | www.frontiersin.org 495
outcome of surgical treatment over medical treatment
(Figure 2).

Primary Outcome: Incidence of Outcomes
Among the 12 included studies, 8 of them reported the
persistence of hypertension as primary outcome of the studies,
while the other 4 studies reported the occurrence of MACEs or
all-cause mortality as the primary outcome of the studies.
Superior performance of surgical treatment over medical
FIGURE 1 | Flow chart of literature search and study selection. Our initial literature search yielded a total of 372 articles from the selected databases and after the
removal of duplicated and irrelevant records, 59 articles with full-text articles were further reviewed. Among them, 32 did not show relevant data, while other 15
articles reported outcomes non-uniformly with regard to the target treatments. Finally, 12 studies was included in this study.
TABLE 1 | Characteristics of the trials included in the meta-analysis.

Reference Study nature Relevant outcomes Mean duration of
follow-up (months)

Number of patients

Surgical Medical

Bernini et al. (20) Prospective clinical trial Hypertension-related Surgical: 31.5
Medical: 32.1

19 41

Catena et al. (10) Prospective clinical trial Hypertension-related 76.8 24 30
Catena et al. (27) Prospective clinical trial Composite cardiovascular end-points 60.0 (selected) 24 30
Giacchetti et al. (29) Prospective clinical trial Hypertension-related 34.4 25 36
Kline et al. (18) Retrospective study Hypertension-related Surgical: 6.5

Medical 13.4
38 39

Miyake et al. (25) Retrospective study Hypertension-related 60.0 (max) 755 800
Mulatero et al. (6) Retrospective study Composite cardiovascular end-points 144.0 (median) 57 213
Park et al. (31) Retrospective study Hypertension-related Surgical: 45.6

Medical: 55.2
206 63

Rossi et al. (28) Prospective clinical trial Hypertension-related 36.0 (median) 110 70
Wu et al. (30) Retrospective study Composite cardiovascular end-points or all-cause mortality 69.0 846 2516
Zacharieva et al. (26) Prospective clinical trial Hypertension-related Surgical: 3.0

Medical: 3.0-6.0
22 30

Puar et al. (32) Retrospective study Composite cardiovascular end-points 68.4 86 68
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TABLE 2 | Range of overall assessment by study and bias domains.

omain 4: deviation from
interventions

Domain 5:
missing data

Domain 6: measurement
of outcomes

Domain 7: selection of
reported result

ROBINS-I overall

1-2 1 2-3 2 1-2
Low – Moderate

1-2 1 2-3 2 1-2
Low – Moderate

1-2 1 2-3 2-3 1-2
Low – Moderate

1-2 1 2-3 2 1-2
Low – Moderate

1-2 2 2-3 2 2-3
Moderate – Serious

1-2 3-4 2-3 2 2-3
Moderate – Serious

1-2 1 2-3 3 3
Serious

1-2 1 2-3 2-3 1-2
Low – Moderate

1-2 1 2-3 2 2
Moderate

1-2 3-4 2-3 2-3 3
Serious

1-2 1 2-3 2 2
Moderate

1-2 1 2-3 2 1-2
Low – Moderate
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Domain 1: con-
founding

Domain 2:
selection

Domain 3: classification of
intervention

D

Bernini et al. (20) 2-3 1 1

Catena et al. (10) 3 1 1

Catena et al. (27) 2 1 1

Giacchetti et al.
(29)

3 1 1

Kline et al. (18) 3-4 1 1

Miyake et al. (25) 2 1 1

Mulatero et al. (6) 2-3 1 1

Park et al. (31) 2 1 1

Rossi et al. (28) 3-4 1 1

Wu et al. (30) 2 1 1

Zacharieva et al.
(26)

3-4 1 1

Puar et al. (32) 2 1 1

Risk of bias assessment: 0 No information; 1 Low; 2 Moderate; 3 Serious; 4 Critical
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treatment was reported in 4 included studies, in regard to cure of
hypertension and event-free of MACEs or all-cause mortality.
Conversely, two included studies reported superior performance
of medical treatment for PA patients over surgical treatment, in
term of lower incidence of persistence of hypertension. The
remaining 6 studies failed to give a definite conclusion on
whether the medical or the surgical treatment was better for PA
patients. Overall, when the composite outcomes were considered
with the use of random effects model, the significance of better
outcome in adrenalectomy (surgery) group was observed with the
odds ratio [(OR) (OR:0.49 (95%CI: 0.30-0.80, p=0.005] (Figure3).
However, there was a significant heterogeneity among the enrolled
studies [I (2) = 82%, p < 0.00001]. In the random effect models of
Frontiers in Endocrinology | www.frontiersin.org 697
meta-analysis on the composite outcomes, symmetry in the
funnel plots was observed and this implied low publication bias
among the included studies, but outliers also existed due to the
diversity on the scales of the included studies (Figure S1 and
Supplemental File).

When the cure of hypertension after targeted treatment was
considered, superior performance of the adrenalectomy was
demonstrated in the random effects model (OR: 0.31, 95% CI:
0.11 – 0.85, p=0.020) (Figure S2 and Supplemental File). For
significant clinical events including both mortality or MACEs,
surgical treatment led to lower incidence of outcomes when
compared with that of medical treatment (OR: 0.60, 95% CI: 0.36 –
1.01, p = 0.05) (Figure S3 and Supplemental File).
FIGURE 3 | Forest plot of the OR of primary outcome. Forest plot of the OR of primary outcome (composite outcomes) in patients with primary aldosteronism under
medical treatment or surgical treatment. Central squares of each horizontal line represent the OR for each study. Horizontal lines indicate the range of the 95% CI
and the vertical line indicates an OR of 1.0 (which indicates no differences in the odds ratio between medical treatment or surgical treatment). OR, odds ratio.
FIGURE 2 | Trial Sequential Analysis (TSA). Result of TSA showed homogeneity of results was stable and around 2151 patients would be needed to reach a
stopping boundary of superiority. The Z-curve was parallel to superior boundary, but crossed the neutrality boundary including all trials. Trials of patients yielded
enough information size to conclude that the current evidence reached preliminary conclusion for supporting the superior outcome of surgical treatment over
medical treatment.
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DISCUSSION

Main Findings
In this meta-analysis of 12 studies that included 6148 patients with
PA, both composite and individual outcomes after surgical versus
medical treatment have been reviewed systematically. Among 8
out of these 12 included studies were related to cure of
hypertension of the enrolled PA patients at follow-up period
after targeted treatments, and the integrated result suggested
that adrenalectomy has a high possibility of achieving cure of
hypertension. This result echoed with the findings of a
retrospective study with large sample sizes (25). In addition, our
finding suggested the significance of superior outcomes of the
adrenalectomy in the meta-analysis of composite outcomes,
including MACEs, all-cause mortality and persistence of
hypertension among the PA patients and, hence, adrenalectomy
might be considered in the treatment of choice for uPA.

In the Primary Aldosteronism Surgical Outcome (PASO)
study (33), which included relevant data of 705 PA patients
who underwent adrenalectomy, the prevalence rate of complete
(“normal blood pressure without the aid of antihypertensive
medication”) and partial (“the same blood pressure with less
antihypertensive medication or a reduction in blood pressure
with either the same amount or less antihypertensive
medication”) clinical success was summed up as high as 84.2%,
together with 93.9% biochemical success, which refers to
“correction of hypokalemia and normalization of aldosterone
to renin ratio (ARR)”. In this meta-analysis, the percentage of PA
patients with hypertension cured after surgical treatment was
higher than that with medical treatment (73.98% vs 68.08%).
This remarkable finding suggests that adrenalectomy is an
effective treatment for lateralized PA patients. In addition, a
systematic review on comparing the outcomes of PA patients
after surgical versus medical treatment also reported reduced
usage of antihypertensive medications, improved quality of life
and potential lower all-cause mortality after surgical treatment
(34). Additionally, a number of large case series have confirmed
that surgical treatment (unilateral adrenalectomy) of lateralized
PA is safe with low morbidity. No major differences in cure rate
between various surgical techniques were seen, but some authors
have identified predictive characteristics for cure (35–37).
Reported complication rates of adrenalectomy ranged between
2 and 10%, with the highest rate occurred in an early series (38).

Long-term treatment with the MRA, including both
spironolactone and/or eplerenone, was reported to have 5 – 8%
remission rate of PA, this additional beneficial effect made the
medical treatment an alternative of surgical treatment, especially for
those patients with bilateral PA (12). However, based on our
findings in this meta-analysis, the efficacy of the medical
treatment for lateralized PA patients was not comparable to that
of surgery. One of the potential causes is that the mineralocorticoid
receptors, with high bonding affinity with both mineralocorticoids
and glucocorticoids, were reported to be involved in the maturation
of pre-adipocytes to adipocytes (34), which could be associated with
the higher prevalence of hyperglycemia among PA patients over
patients with EH (39). Since there is no clear evidence that MRA
could cause better control on both glucose and lipid levels in PA
Frontiers in Endocrinology | www.frontiersin.org 798
patients, the efficacy of medical treatment becomes questionable in
regard to its influence on metabolic syndrome. Meanwhile, many
case reports and case series reported excess glucocorticoid secretion
among PA patients (40, 41). MRA treatment may induce a further
increase in aldosterone and subsequently trigger a vicious cycle that
leads to an insufficient effect of prescribed MRA on blocking MRs
which are activated by high plasma aldosterone levels. Arlt et al.
further reported that excess glucocorticoid secretion could be
associated with several risk factors which might cause adverse
metabolic events among PA patients, and additional
glucocorticoid-opposing treatment should be provided for PA
patients in addition to MRA treatment, in order to reduce the
potential risks of having cardiovascular diseases and other
comorbidities (21). Although, there were many studies supporting
that glycometabolic abnormalities when excess aldosterone is not
removed with use of MRAs, Catena et al. (42) stated that in primary
aldosteronism, normal sensitivity to insulin is rapidly restored after
treatment with either adrenalectomy or aldosterone antagonists,
whereas no further change of glucosemetabolism parameters occurs
during the long-term follow-up. In recent studies, adrenalectomy in
patients with APA was found to decrease glucocorticoid secretion,
reverse osteoporosis, attenuate adverse metabolic risks and improve
the quality of life (13, 21, 43, 44); all of which could be attributed to
decreased glucocorticoid levels after adrenalectomy, in addition to
correction of mineralocorticoid excess. Such finding further adds
insights on our results, and it could at least in part explain the
relatively inferior performance of medical treatment
over adrenalectomy, although the adoption of medical treatment
itself is not the direct cause of higher incidence of
cardiovascular comorbidities.

Patients treated medically need more anti-hypertensive drugs
(34), and require a longer follow-up and more clinical visits at
specialized referral center than those treated surgically. Similarly,
the incidence of cardiovascular events during the follow-up period
was greater in IHA patients than that in EH controls, although
there were no differences in their BP levels (6). It implicates that
aldosterone may play a detrimental role independent of its effect
on blood pressure. MRA may also induce an increase in
aldosterone and subsequently trigger a vicious cycle that leads to
an insufficient effect of prescribedMRA on blockingMRs activated
by high plasma aldosterone levels. There are also concerns about
MRA prescription, such as medication compliance with
inadequate dose, probably partially due to frequent occurrences
of dose-dependent side effects, especially gynecomastia or
dysmenorrhea, and a subsequent decrease in efficacy (30).

Strengths and Limitations
Recommendations on treatment are hampered by the lack of
systematic reporting of clearly defined outcomes and
randomized clinical trials (RCTs). The present data supported
surgical resection of lateralized PA disease, which can be
performed with low morbidity. Some researchers (34) have
attempted to answer this question before, but only qualitative
comparisons between these targeted treatments were made due
to diverse and heterogeneous clinical outcomes reported from
clinical studies and lack of RCTs on this research topic, which is
considered as critical evidence for constructing such a meta-
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analysis. In this meta-analysis, composite outcome approach
expanded the scope of the included studies successfully and
achieved a sufficiently large sample size to embrace the diversity
on the settings of clinical studies and overcome the limitations of
small-scale clinical studies. With sufficient sample size, a more
concrete conclusion on the superior performance of surgical over
medical treatment for lateralized PA patients could be drawn
with good-quality quantitative evidence.

In addition, ROBINS-I was adopted in this meta-analysis to
assess the risks of bias among the included studies. ROBINS-I
was developed by Sterne et al. and it was designed to evaluate the
potential risk of bias in the non-randomized studies of the effects
of interventions (22). Through answering the signaling questions
included in the checklist, the risks of bias for 7 domains of each
included study were first reviewed and subsequently, overall risk
of bias of the entire study was then concluded. The adoption of
ROBINS-I in this study provided a comprehensive evaluation on
the quality of the included studies and revealed that most of the
included clinical trials were with low to moderate risks of bias
while the retrospective studies possessed higher risks of bias.

We acknowledge several limitations of our study. First, there
was no adjustment on the results of the meta-analyses according
to other influential variables such as patient demographics.
Furthermore, lack of the dosage of MRA, types of medication
or targets in the medical treatment might further influence the
outcomes of PA patients. Second, the drawback of composite
outcome approach introduced large heterogeneity within the
meta-analysis, especially since there was significant difference on
sample sizes of the included studies. Furthermore, the pathology
of APA and IHA differ, and these differences lead to diversity in
clinical outcomes after the same treatment (45). Because surgery
is not an option for patients with IHA (46), our findings are
clinically relevant only to patients with APA/lateralized PA.
Especially, it is important to accurately diagnosis aldosterone-
producing microadenoma in which has better rate of cure of
hypertension than macroadenoma and is only detected by AVS
(47). Finally, due to so small enrolled patients and the different
temporal traceries or clinical outcome of current targeted
treatments, e.g. adrenalectomy or MRA, we performed trial
sequential analysis (TSA) and in our TSA, was obvious that
the included trials over the years (from 2006 to 2020) showed
certain extent of consensus on demonstrating constant
performance of adrenalectomy under the adjustment of TSA.
Frontiers in Endocrinology | www.frontiersin.org 899
CONCLUSION

In conclusion, superior performance of surgical treatment over
medical treatment for patients with lateralized PA has been
confirmed with this meta-analysis approach on both composite
and individual clinical cardiovascular outcomes. Adrenalectomy
should be concluded as the treatment of choice for the
management of lateralized PA patients, especially in regard to
attenuating unwanted cardiovascular events.
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Center, Taipei, Taiwan

Background: Primary aldosteronism (PA) is a common cause of secondary hypertension
and associated with higher incidence of new-onset atrial fibrillation (NOAF). However, the
effects of surgical or medical therapies on preventing NOAF in PA patents remain unclear.
The aim of this meta-analysis study was to assess the risk of NOAF among PA patients
receiving mineralocorticoid receptor antagonist (MRA) treatment, PA patients receiving
adrenalectomy, and patients with essential hypertension.

Methods: We performed the meta-analysis of the randomized or observational studies
that investigated the incidence rate of NOAF in PA patients receiving MRA treatment
versus PA patients receiving adrenalectomy from database inception until December 01,
2020 which were identified from PubMed, Embase, and Cochrane Library.

Results: A total of 172 related studies were reviewed, of which three fulfilled the inclusion
criteria, including a total of 2,705 PA patients. The results of meta-analysis demonstrated a
higher incidence of NOAF among the PA patients receiving MRA treatment compared to
the PA patients receiving adrenalectomy (pooled odds ratio [OR]: 2.83, 95% confidence
interval [CI]: 1.76–4.57 in the random effects model, I2 = 0%). The pooled OR for the PA
patients receiving MRA treatment compared to the patients with essential hypertension
was 1.91 (95% CI: 1.11–3.28). The pooled OR for the PA patients receiving
adrenalectomy compared to the patients with essential hypertension was 0.70 (95% CI:
0.28–1.79).
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Conclusion: Compared to the essential hypertension patients and the PA patients
receiving adrenalectomy, the patients with PA receiving MRA treatment had a higher
risk of NOAF.

Systematic Review Registration: https://www.crd.york.ac.uk/prospero/, identifier
CRD42021222022.
Keywords: hyperaldosteronism, primary aldosteronism, adrenalectomy, mineralocorticoid receptor antagonist,
atrial fibrillation
INTRODUCTION

Primary aldosteronism (PA) is a state of autonomous aldosterone
secretion which is unresponsive to renin regulation, resulting in
hypertension and electrolyte imbalance (1). The prevalence of PA
hasbeen reported to be 4.3 to 9.5% in all patientswith hypertension
and 17 to 23% in PA patients with resistant hypertension (2, 3).
Compared to essential hypertension, PA is associated with higher
risks of cardiovascular, renal, and metabolic complications (4–8).
The excess aldosterone in PA will cause atrial structural and
electrical remodeling which induce atrial fibrillation genesis. A
correlation between PA and atrial fibrillation has been identified in
previous studies, although the complicated interplay has yet to be
completely elucidated (9). Milliez et al. reported that PA patients
had a 12.1-fold higher risk of atrial fibrillation compared to
essential hypertension patients (10), and a recent meta-analysis
reported the risk of atrial fibrillation was 3.5-fold higher in PA
patients compared to essential hypertension patients (11).

Atrial fibrillation is the most prevalent arrhythmia among
adults that is associated with cerebro-cardiovascular
complications (12, 13). The prevalence of atrial fibrillation has
been reported to be 1.1% in adults aged above 35 years in Taiwan
(14). The prevalence of atrial fibrillation was even higher in the
elderly and in patients with chronic illnesses (15). Since that, the
detection of new-onset atrial fibrillation (NOAF) is important to
allow for timely risk stratification and interventions to prevent
stroke or embolic events in PA patients.

Current guideline suggests that PA can be classified as
lateralized PA, including aldosterone-producing adenoma and
less commonly unilateral hyperplasia, and idiopathic
hyperaldosteronism (16). Adrenalectomy is currently the
standard treatment for lateralized PA (2, 16–19). However,
there are still some PA patients with lateralized disease do not
receive adrenalectomy in real world practice due to unwilling to
receive surgery or limited equipment or capacity to receive
adrenal vein sampling to confirmed the diagnosis (20). For
these patients, mineralocorticoid receptor antagonist (MRA)
therapy is the alternative treatment strategy for the lateralized
PA and MRA is also the suggested treatment strategy for
idiopathic hyperaldosteronism (19, 21). Recently, Pan et al.
demonstrated that PA patients receiving adrenalectomy have a
lower incidence of NOAF than essential hypertension patients
and this finding has not been found in PA patients receiving
MRA treatment (22).
n.org 2102
The findings of these studies indicate that the over-secretion
of aldosterone in PA patients may be correlated with the atrial
fibrillation genesis, and that the active treatment of PA can
reduce the risk of NOAF. Although there is abundant evidence of
the strong correlation between PA and atrial fibrillation, few
studies have investigated the effects of different treatment
strategies on the prevention of NOAF. Therefore, we designed
this study to compare the effects of adrenalectomy and MRA
treatment on the development of NOAF in PA patients.
MATERIALS AND METHODS

Search Strategy and Selection Criteria
This meta-analysis was performed according to the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) (23). We searched PubMed, Embase, and Cochrane
Library for randomized or observational studies usingMesh terms
related to PA (e.g. ‘primary aldosteronism’, ‘hyperaldosteronism’,
‘primary aldosteronism/hyperaldosteronism’) and the following
terms: ‘adrenalectomy’, ‘atrial fibrillation, arrhythmia’ from the
database inception up to December 01, 2020. The studies were
examined independently by the same authors as full-text reports
according to the following criteria: (i) inclusion of patients with
aldosterone-producing adenoma, idiopathic hyperaldosteronism,
and essential hypertension; (ii) studies with both adrenalectomy
andMRA treatment of patientswith PA; (iii)NOAF included as an
outcome treatment variable; (iv) exclusion of patients with a
history of atrial fibrillation; and (v) limited to human studies. If
there was more than one report from the same study group, we
selected the report with the largest sample of patients. Review
articles or meta-analyses were not included for analysis, but their
citations and references were searched for additional relevant
studies. The details of the search algorithm were provided in the
supplemental materials.

The identified articles were first evaluated at the title or
abstract level after consensus between two independent
investigators (CHT and YLC). If the articles were potentially
relevant, full articles were further retrieved and evaluated as
complete reports according to the selection criteria. Studies
including prospective clinical trials and retrospective studies
were selected if the setting of the studies was to evaluate the
outcomes of PA patients comparing the performance of MRA
treatment and adrenalectomy. The exclusion criteria were non-
May 2021 | Volume 12 | Article 646933
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human studies, duplicate reports, studies without relevant
outcome data, absence of a control group, studies presenting
the outcomes of either MRA treatment or adrenalectomy only, or
different settings in the intervention and control arms.

Data Extraction and Quality Assessment
Two independent reviewers (CHTandYLC)extracted the following
data: author, journal, yearofpublication, locationof the studygroup,
design of the study, baseline features of the included patients, length
of follow-up, numbers of participants enrolled and data of outcome
in the studies and those who reached the desired endpoints of the
specific studies. For studies reported in more than one publication,
data from the most completed publication were extracted.

The quality of the included studies was evaluated using the Risk
Of Bias In Non-randomized Studies of Interventions (ROBINS-I)
checklist (24), scoring each study for the following seven domains:
“Confounding”, “Selection”, “Classification of intervention”,
“Deviation from intervention”, “Missing data”, “Measurement of
outcomes” and “Selection of repeated results”. The domains were
scored as “No information” (0), “Low” (1—low risk of bias),
“Moderate” (2—moderate risk of bias), “Serious” (3—Serious
risk of bias), and “Critical” (4—Critical risk of bias). A study was
categorized as being of high quality if most of the domains were
judged to be at low risk of bias.

Outcomes of Interest
The primary outcome of interest was the risk of NOAF in PA
patients receiving MRA therapy versus adrenalectomy. We also
analyzed two secondary outcomes: (1) PA patients receiving MRA
therapy versus essential hypertension patients; and (2) PA patients
receiving adrenalectomy versus essential hypertension patients.
Frontiers in Endocrinology | www.frontiersin.org 3103
Statistical Analysis
Data were extracted with the use of a standardized data form. In
order to compare differences on the incidence of events between
the two treatment groups, we extracted the number of events
(NOAF) and total patients in each treatment arm. The pooled
odds ratios (OR) with corresponding 95% confidence intervals
(CIs) were calculated using inverse variance (IV) fixed and Laird
andWare random effects models with RevMan 5.3 (The Cochran
Collaboration, The Nordic Cochrane Centre, Copenhagen,
Denmark). The weights in the fixed effects model were
assigned according to inverse within-study variance based on
the assumption that all studies were sampled from a population
with the same effect size. In contrast, the assigned weights in the
random effects model considered both within-study and
between-study variance.

Heterogeneity across studies was evaluated using the I2 index,
which was considered to be low if I2 was ≤50%, moderate if >50%
to <75%, and high if ≥75% (25). We assessed publication bias by
visually inspecting funnel plots and Egger’s regression
asymmetry test, using Comprehensive Meta-Analysis Version
3.3.070 (Biostat Inc., Englewood, NJ, USA, 2014).
RESULTS

Included Studies
The electronic search yielded a total of 172 studies. The
references of these studies were examined using the search
strategy, and further evaluated for eligibility at the title or
abstract level (Figure 1). Of the 172 studies assessed, seven
were excluded because they were duplicate reports, and 157
FIGURE 1 | Flow chart of the literature search. The 175 identified studies were from PubMed (11), Embase (152) and Cochrane (9).
May 2021 | Volume 12 | Article 646933
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studies were excluded after screening the title and abstract. Of the
remaining eight full-text articles, five were excluded. In these five
excluded studies, one is the editorial comments which not
matching the searching criteria and two studies did not have
the treatment results of adrenalectomy and MRA treatment. The
two studies with overlapping data with current enrolled studies.
Compared with current enrolled studies, both excluded studies
were the conference abstracts including one with shorter follow-
up and another with the same result. One study from our study
group did not include details of the number of NOAF events in
the study (22). We enrolled the raw data form our study to
perform the meta-analysis. Finally, three studies were included in
the final meta-analysis (22, 26, 27). In total, these studies
inc luded 2 ,705 PA pat ients , of who 776 rece ived
adrenalectomy and 1,929 received MRA treatment, and 49,794
essential hypertension patients.

Descriptive summaries of each included study are shown in
Table 1. The types of study included one prospective study (26)
and two retrospective studies (22, 27). In these three studies, the
median duration of follow-up was 10 years (IQR 7.2–10.9). The
dosages of spironolactone used in the MRA treatment groups
were listed in Table 1.
Frontiers in Endocrinology | www.frontiersin.org 4104
Risk of Bias Assessment
The results of ROBINS-I tool analysis showed that the overall
risk of bias of all three included studies were moderate (2)
(Supplement Table).
Outcomes
Associations among PA patients receiving MRA treatment, PA
patients receiving adrenalectomy, and essential hypertension
patients with regards to NOAF events were analyzed.

Primary Outcome: Risk of NOAF in the PA Patients
Receiving MRA Treatment Compared to the PA
Patients Receiving Adrenalectomy
MRA treatment was significantly associated with a higher
incidence of NOAF compared to adrenalectomy in both the
fixed effects model (OR: 2.83, 95% CI: 1.76–4.57) (Figure 2A)
and random effects model (OR: 2.83, 95% CI: 1.76–4.57)
(Figure 2B). The heterogeneity of the included studies was low
(I2 = 0). The funnel plot (Supplement Figure) was generally
symmetry and the Egger’s regression asymmetry test (p = 0.91)
did not reveal a statistical significance.
TABLE 1 | Characteristics of the studies meeting the inclusion criteria.

Reference Study nature Country Number of patients Duration of
follow-up* (years)

Initial MRA Dosage Exclusion criterion

PA EH

MRA adrenalectomy

Hundemer, (27) Retrospective USA 195 201 40,092 10 43 to 50 mg† AF, CHF, MI, Stroke
Pan, (12) Retrospective Taiwan 1,668 534 8,808 4.4 50 mg AF, MVD, Hyperthyroidism
Rossi, (26) Prospective Italy 66 41 894 11.8 / AF, secondary hypertension
May 2021 |
AF, atrial fibrillation; CHF, congestive heart failure; EH, essential hypertension; MI, myocardial infarction; MRA, mineralocorticoid receptor antagonist; MVD, mitral valve disease; PA, primary
aldosteronism.
*For retrospective studies, the duration of follow-up is indicated as mean value; Prospective study is indicated as medium value.
†The initial prescription dose of spironolactone was 43 mg in PRA >1 group and 50 mg in PRA <1 group.
A

B

FIGURE 2 | Forest plots of NOAF in PA patients receiving MRA treatment vs adrenalectomy. Forest plots for the fixed effects model (A) and random effects model (B).
CI, confidence interval; OR, odds ratio; NOAF, new-onset atrial fibrillation; PA, primary aldosteronism; MRA, mineralocorticoid receptor antagonist.
Volume 12 | Article 646933

https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles


Tsai et al. NOAF in PA
Risk of NOAF in the PA Patients Receiving MRA
Treatment Compared to the Essential Hypertension
Patients
The PA patients receiving MRA treatment had a significantly
higher incidence of NOAF events compared to the essential
hypertension patients in the fixed effects model (OR: 1.61, 95%
CI: 1.30–2.00) (Figure 3A) and random effects model (OR: 1.91,
95% CI: 1.11–3.28) (Figure 3B). Of note, the heterogeneity of
this comparison was high (I2 = 78%).

Risk of NOAF in the PA Patients Receiving
Adrenalectomy Compared to the Essential
Hypertension Patients
The PA patients receiving adrenalectomy had similar risk of
NOAF compared to the essential hypertension patients in the
fixed effects model (OR: 0.71, 95% CI: 0.48–1.07) (Figure 4A)
and in the random effects model (OR: 0.70, 95% CI: 0.28–1.79)
(Figure 4B). The heterogeneity of this comparison was moderate
(I2 = 67%).
Frontiers in Endocrinology | www.frontiersin.org 5105
DISCUSSION

This is the first meta-analysis to compare the long-term risk of
NOAF among PA patients receiving MRA treatment, PA patients
receiving adrenalectomy, and essential hypertension patients. The
pooled results suggested that the PA patients receiving MRA
treatment had a higher risk of NOAF compared to the PA patients
receiving adrenalectomy and the patients with essential
hypertension. In addition, there was no significant difference
in the risk of NOAF between the PA patients receiving
adrenalectomy and the essential hypertension patients. These
results provide strong evidence of the higher long-term risk
of NOAF in PA patients receiving MRA treatment compared
to PA patients receiving adrenalectomy and essential
hypertension patients.

Atrial fibrillation is associated with increased risks of stroke,
heart failure and mortality (28). Excessive aldosterone is a major
contributing factor to atrial fibrillation genesis (9, 12), as shown
in the German Conn’s Registry which reported a prevalence rate
A

B

FIGURE 3 | Forest plot of NOAF in PA patients receiving MRA treatment vs EH patients. Forest plots for the fixed effects model (A) and random effects model (B). CI,
confidence interval; OR, odds ratio; NOAF, new-onset atrial fibrillation; PA, primary aldosteronism; MRA, mineralocorticoid receptor antagonist; EH, essential hypertension.
A

B

FIGURE 4 | Forest plot of NOAF in PA patients receiving adrenalectomy vs EH patients. Forest plots for the fixed effects model (A) and random effects model (B).
CI, confidence interval; OR, odds ratio; NOAF, new-onset atrial fibrillation; PA, primary aldosteronism; EH, essential hypertension.
May 2021 | Volume 12 | Article 646933
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of atrial fibrillation of 7.1% among 553 PA patients (29). Seccia
et al. also demonstrated that the PA was highly prevalent in
hypertensive patients with unexplained atrial fibrillation in
prospective appraisal on the prevalence of primary
aldosteronism in hypertensive (PAPPHY) study (30). The
MRA also significantly reduced new-onset atrial fibrillation
and recurrent atrial fibrillation in general patient population in
one recent meta-analysis (31). However, the interactions among
hypertension, hyperaldosteronism, and atrial fibrillation genesis
in PA patients are complex (9, 12).

In bench studies, excessive aldosterone has been shown to
stimulate the development of atrial fibrillation through atrial
fibrosis and conduction disturbances (32–34). Atrial fibrosis is
arrhythmogenic and the atrial fibrillation also promotes atrial
fibrosis (35). The aldosterone increases inflammatory cytokines
and increased oxidative stress which result in atrial fibrosis (12).
In addition, left ventricular remodeling, which is also strongly
correlated to atrial fibrillation. Some clinical studies have shown
that aldosterone induces left ventricular hypertrophy and fibrosis
which is associated with left ventricular diastolic dysfunction (8,
36–40). The left ventricular diastolic dysfunction has a
prominent influence on atrial structure and function which
also contributed to the atrial fibrillation genesis (8, 12, 41).

Both lateralized adrenalectomy and medical MRAs treatment
can reverse left ventricular remodeling and improve outcomes in
PA patients. However, lateralized adrenalectomy can potentially
achieve a completely biochemical cure by removing the lesion
responsible for hyperaldosteronism (42). Furthermore, the
adrenalectomy can achieve the completed therapeutic effects
more rapidly compared with medical therapy (43). In PA
patients received MRA treatment, it takes longer time to
observe a greater reduction in left ventricular wall thickness
compare to PA patient receiving adrenalectomy (17). In
addition, Rossi et al. compared the long-term outcomes of PA
patients after adrenalectomy versus PA patients receiving MRA
treatment, and reported a potentially lower left ventricular mass
index after adrenalectomy (44). Since that, lateralized
adrenalectomy is the standard treatment for PA patients who
are suitable to receiving surgery (2, 21). In addition, PA patients
received lateralized adrenalectomy had lower risk of new-onset
diabetes mellitus (45), better quality of life (46) and less
osteoporosis (47) compared with those received medical MRAs
treatment. Another benefit of adrenalectomy over MRA
treatment is that it can decrease the incidence of atrial
fibrillation (26). However, the studies which compared the
treatment effects from lateralized adrenalectomy or MRAs
treatment to lower NOAF occurrence were still limited.

In the current meta-analysis, we enrolled three large cohort
studies which showed consistent results that lateralized
adrenalectomy had significantly lower NOAF events compared
with medical therapy with low heterogeneity in the analysis. In
addition, comparedwith patientswith essential hypertension, only
lateralizedadrenalectomycouldneutralize the risk ofNOACdue to
excess aldosterone but not MRA treatment. However, the
heterogeneity of the results was moderate to high in secondary
analysis of essential hypertension and PA patients possibly due to
Frontiers in Endocrinology | www.frontiersin.org 6106
the diversity of patient characteristics and the different dosages of
MRA use in these studies. The risk of NOAF in PA patients with
MRA compared others receiving adrenalectomy or essential
hypertension patients may be contributed form the insufficient
MRAdosage and treatment effects (27). Due to limited studies, the
subgroup analysis was not applicable. In contrast, the result of
primary analysis compared MRA treatment to adrenalectomy
revealed a very low heterogeneity.

The optimal dosage of spironolactone has yet to be
established, and the current recommendation dosage in
guidelines is from a daily dose of 12.5 mg with slow titration
to a maximum daily dose of 100 mg (2). Catena et al. evaluated
the effect of high-dose spironolactone, and found no significant
difference in the occurrence of the combined cardiovascular
endpoint of myocardial infarction, stroke, revascularization
procedures, and sustained arrhythmias between patients with
PA who received adrenalectomy and those who received high-
dose MRA treatment (daily spironolactone dose: 121 mg) (HR,
1.26; 95% CI, 0.36–4.44; P = 0.71) (43). However, higher
incidences of drug adverse effects were found in the high-dose
spironolactone treatment group such as gynecomastia. In 2018,
Hundemer et al. demonstrated that the level of plasma renin
activity (PRA) after spironolactone treatment (<1 or ≥1 ng/ml/h)
may be associated with NOAF and worse cardiovascular
outcomes, and that the level of PRA after MRA treatment may
be a better predictor than MRA dosage to predict clinical
outcomes (48). To identify the ideal spironolactone dose in
each patient, titrating the dose according to the PRA may be a
reasonable approach in those PA patients received medical
therapy. The dosages of MRA in the two retrospective studies
enrolled in this meta-analysis were relatively low. Pan et al.
showed the first prescript spironolactone dosage was only 50 and
75 mg as maximum dosage. Hundemer et al. showed that the
initial spironolactone dosages were about 43 to 50 mg and were
titrated up to 71 to 84 mg during follow-up. The relatively low
spironolactone dosages may contribute to the higher risk of
NOAF in PA patients receiving medical MRA treatment.

This study has some limitations. First, the choice of treatment
is largely depended on lateralization. When diagnosed as
aldosterone-producing adenoma, most patients are treated by
adrenalectomy, while those diagnosed as idiopathic
hyperaldosteronism are usually treated with MRAs. The
different nature between two subtypes may influence the
incidence of NOAF. However, data of aldosterone-producing
adenoma patients receiving only MRA treatment were limited,
and the information of different treatments in aldosterone-
producing adenoma were not available in cohorts collected in
this study. Further randomized study with different treatment
strategies (surgery versus MRA therapy) in aldosterone-
producing adenoma patients is needed to solve this issue.
Second, many important baseline characteristics such as anti-
hypertension medication use, the dosage of MRA, body mass
index, waistline, and baseline cardiac function were not available
in the enrolled studies which could be the confounding factors
and the origin of the heterogeneity. In addition, the follow-up
durations were varied between three enrolled studies which
May 2021 | Volume 12 | Article 646933
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might interfere with the results. However, the benefit of
adrenalectomy was consistent in this pooled analysis. Third,
only limited studies have been conducted to investigate the
NOAF in PA in different treatment strategies and no
randomized control trial has been conducted to investigate this
issue. Fourth, the heterogeneity was moderate to high in
secondary analysis of essential hypertension and PA patients
possibly due to the diversity of patient characteristics and the
different dosages of MRA use in these studies. However, due to
limited studies, the subgroup analysis or meta-regression could
not be done to explore the source of heterogeneity.
CONCLUSIONS

The PA patients receiving MRA treatment had a higher risk of
NOAF compared to the PA patients receiving adrenalectomy
and the patients with essential hypertension.
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Aldosterone production is physiologically under the control of circulating potassium and
angiotensin II as well as adrenocorticotropic hormone and other secretagogues such as
serotonin. The adrenal’s capacity to produce aldosterone relies heavily on the expression
of a single enzyme, aldosterone synthase (CYP11B2). This enzyme carries out the final
reactions in the synthesis of aldosterone and is expressed almost solely in the adrenal
zona glomerulosa. From a disease standpoint, primary aldosteronism (PA) is the most
common of all adrenal disorders. PA results from renin-independent adrenal expression of
CYP11B2 and production of aldosterone. The major causes of PA are adrenal
aldosterone-producing adenomas (APA) and adrenal idiopathic hyperaldosteronism.
Our understanding of the genetic causes of APA has significantly improved through
comprehensive genetic profiling with next-generation sequencing. Whole-exome
sequencing has led to the discovery of mutations in six genes that cause renin-
independent aldosterone production and thus PA. To facilitate broad-based
prospective and retrospective studies of APA, recent technologic advancements have
allowed the determination of tumor mutation status using formalin-fixed paraffin-
embedded (FFPE) tissue sections. This approach has the advantages of providing
ready access to archival samples and allowing CYP11B2 immunohistochemistry-
guided capture of the exact tissue responsible for inappropriate aldosterone synthesis.
Herein we review the methods and approaches that facilitate the use of adrenal FFPE
material for DNA capture, sequencing, and mutation determination.
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Nanba et al. Technologic Advances in the Genetic Analysis of APA
INTRODUCTION

Technologic advances in genetic analysis have provided us a
better understanding of the molecular pathogenesis of
endocrine-related tumors. Aldosterone-producing adenoma
(APA) is one of the major subtypes of primary aldosteronism
(PA), the most common cause of endocrine-related
hypertension. The application of next-generation sequencing
(NGS) has resulted in the identification of disease-causing
mutations in APA and familial PA. Aldosterone-driver
mutations can occur in genes encoding membrane ion
channels or pumps (1–9). Thus far, APA have been found with
mutations in KCNJ5 (1), ATP1A1 (2, 4), ATP2B3 (2), CACNA1D
(3, 4), CACNA1H (9), and CLCN2 (8) (aldosterone-driver
mutations). These mutations cause excess aldosterone
production by raising intracellular calcium levels which leads
to enhanced CYP11B2 (aldosterone synthase) expression and
renin-independent aldosterone production (10). Like other
adrenocortical tumors, activating mutations in CTNNB1 gene
(encoding b-catenin) have also been documented in a subset of
APA (11–14) but the mechanism of CTNNB1 mutation
activation of aldosterone production remains to be clearly
defined. So far more than 90 APA somatic mutations have
been reported (Table 1). Of note, only part of the previously
reported somatic mutations has been functionally tested so far.
To assess the pathologic role of these mutations, it would be ideal
to perform cell-based studies for each mutation. In addition to
tumor somatic mutations, PA aldosterone production may be
regulated by hormones that include adrenocorticotropic
hormone, serotonin, or luteinizing hormone (37–44).

Since the development of specific antibodies against human
CYP11B2, which is required for aldosterone biosynthesis,
CYP11B2 immunohistochemistry (IHC) has played an
important role in defining the histopathologic characteristics of
adrenals from patients with PA (45, 46). CYP11B2 IHC has
revealed diversities in the histopathology of adrenals from
patients with PA, including APA (CYP11B2-expressing
adrenocortical adenoma) and adrenals with small CYP11B2-
expressing cell nests, called aldosterone-producing cell clusters
(APCCs) (45) or aldosterone-producing micronodules (APMs)
(47). Advanced sequencing methods combined with CYP11B2
IHC have significantly improved the detection rate of somatic
mutations in APA (14, 48, 49). CYP11B2 IHC-guided targeted
NGS has also allowed the detection of aldosterone-driver
mutations in APCCs (APMs) using small amounts of DNA
(50–52). Herein, we provide an overview of recent advances in
the genetic analysis of APA and introduce a streamlined
sequencing approach using formalin-fixed paraffin-embedded
(FFPE) tumor tissue material.
IMPORTANCE OF CYP11B2 IHC AND
TARGETED DNA CAPTURE

Development of specific antibodies against human CYP11B2 has
allowed detection of the source of pathologic aldosterone
Frontiers in Endocrinology | www.frontiersin.org 2110
production in the resected adrenal tissue (45, 46). Unique
characteristics of adrenals from patient with PA have been
documented by CYP11B2 IHC. Importantly, adrenal tumors
detected by cross-sectional imaging study are not always the
cause of aldosterone excess even when adrenal vein sampling
lateralizes autonomous aldosterone production to the tumor side
(53). In such cases, APA can be below the detection limit of
imaging studies and/or imaging-detected tumors can be non-
functioning adrenocortical adenomas (CYP11B2-negative
tumors by IHC). Cases with multiple APAs within one adrenal
have also been documented (14, 48, 49, 54).

Traditionally, DNA and RNA have been isolated from
snap frozen tumor pieces obtained during pathologic gross
dissection at the time of adrenalectomy. Mutational analysis
has subsequently been performed without consideration of
CYP11B2 expression prior to sequencing. In the largest
mutation prevalence study using this conventional approach,
aldosterone-driver somatic mutations were detected in 54% of
474 adrenal tumors from PA patients (55). Considering the
aforementioned diversities in the histology of PA, this
approach could negatively affect the accuracy of mutational
analysis. As such, we recently developed an advanced
molecular profiling method using selective DNA isolation
from FFPE sections based on CYP11B2 IHC, followed by
NGS (14, 56). The step-by-step sequencing method using the
CYP11B2 IHC-guided approach is shown in Figure 1. Many
laboratories, including ours, use a mouse monoclonal antibody
specific for human CYP11B2 that was produced and
characterized by Dr. Celso Gomez-Sanchez (46). This antibody
is commercially available from Millipore Sigma (MABS1251,
RRID: AB_2783793), making it useful for both research and
pathologic diagnosis purposes. As is needed for most antibodies,
laboratory testing for individual in-house protocols should be
done to optimize specificity and sensitivity for CYP11B2
detection. Initial protocol testing is particularly important due
to the variable CYP11B2 expression seen between APAs. The
scanned slide images of adrenal tumor tissue from a PA patient
are shown in Figure 2. The adrenal contains two distinct
adrenocortical tumors (an APA and a CYP11B2-negative
tumor) which exist close to each other. This example
highlights the importance of targeted DNA capture method
for accurate mutation analysis. Importantly, past studies
demonstrated that no aldosterone-driver mutation was
detected in CYP11B2-negative adrenocortical tumors from PA
patients (49, 57).

Using this CYP11B2 IHC-guided approach, aldosterone-
driver mutations have been identified in 88-96% of APAs (14,
48, 49). A recent study demonstrated a better mutation detection
rate using CYP11B2-IHC guided sequencing (94%) as compared
to the authors’ previous use of conventional tumor tissue
approaches (71%) (58).

For the laboratories using traditional material, i.e., DNA/
RNA from macro-dissected snap frozen tumor pieces,
confirmation of CYP11B2 mRNA expression by quantitative
reverse transcription polymerase chain reaction (RT-qPCR)
prior to sequencing could also improve the mutation detection
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TABLE 1 | Previously reported somatic mutations in aldosterone-producing adenomas.

Gene Somatic Mutations

KCNJ5 c.343C>T (p.R115W) (15) c.445_446insTGG (p.T149delinsMA) (49)
c.376T>C (p.W126R) (16) c.447_448insATT (p.T149delinsTI) (14)
c.414_425dupGCTTTCCTGTTC (p.A139_F142dup) (17) c.450_451insATG (p.I150_G151insM) (13)
c.420C>G (p.F140L) (14)a c.451G>A (p.G151R) (1)
c.433_434insCCATTG (p.I144_E145insAI) (13) c.451G>C (p.G151R) (24)
c.433G>C (p.E145Q) (18) (p.G151_Y152del)* (25)
c.433G>A (p.E145K) (4) c.457_492dupG_G (p.G153_G164dup) (20)
c.432_439delTGAGACCGinsCA (p.E145_E147delinsK) (19) c.461T>G (p.F154C) (13)
c.439G>C and c.448_449insCAACAACCA
(p.E147Q_T149_I150insTTT) (20)

c.467_469delTCA (p.I157del) (26)

c.443C>T (p.T148I) (21)b c.470_471delinsAA (p.I157K) (13)
c.445_446insGAA (p.T148_T149insR) (22) (p.I157_E159del)* (25)
c.446insAAC (p.T149_I150insT) (23) c.472A>G (p.T158A) (27)
c.445A>T (p.T149S) (21) c.503T>G (p.L168R) (1)

(p.G184E)* (25)
c.737A>G (p.E246G) (15)

ATP1A1 c.295G>A (p.G99R) (16) c.2874_2882delCTTTGAAGA (p.F959_E961del) (29)
c.299_313delTCTCAATGTTACTGT (p.F100_L104del) (2) c.2877_2882delTGAAGA (p.F959_E961delinsL) (28)
c.304_309delATGTTA (p.M102_L103del) (28) c.2878_2895delGAAGAGACAGCCCTGGCTinsGCCCTGGTT

(p.E960_A965delinsALV) (48)
c.306_317delGTTACTGTGGAT (p.M102_I106delinsW) (28) c.2877_2888delTGAAGAGACAGC (p.E960_A963del) (29)
c.308_313delTACTGT (p.L103_L104del) (28) c.2878_2887delGAAGAGACAGinsT (p.E960_A963delinsS) (4)
c.311T>G (p.L104R) (2) c.2879_2890delAAGAGACAGCCC (p.E960_L964delinsV) (28)
c.995T>G (p.V332G) (2) c.2878_2892delGAAGAGACAGCCCTGinsGCCGTG (p.E960_L964delinsAV) (14)
c.2864_2878delTATTTGGCCTCTTTG (p.I955_E960delinsK) (49)
c. 2867_2882delTTGGCCTCTTTGAAGAinsG (p.F956_E961delinsW)
(28)

ATP2B3 c.367G>C (p.G123R) (30) c.1273_1278delCTGGTC (p.L425_V426del) (2)
c.1228T>G (p.Y410D) (31) c.1277_1282delTCGTGG (p.V426_V427del) (2)
c.1264_1278delGTCACTGTGCTGGTCinsAGCACACTC
(p.V422_V426delinsSTL) (22)

c.1276_1287delGTCGTGGCTGTC (p.V426_V429del) (28)

c.1264_1275delGTCACTGTGCTGinsATCACT (p.V422_L425delinsIT)
(14)

c.1276_1298insGACA_delTCGTGGCTGTCCCAGAGGGCCT
(p.V426G_V427Q_A428_L433del) (13)

c.1269_1274delTGTGCT (p.V424_L425del) (32) c.1279_1284delGTGGCT (p.V427_A428del) (33)
c.1270_1275delGTGCTG (p.V424_L425del) (55) c.1281_1286delGGCTGT (p.A428_V429del) (34)
c.1272_1277delGCTGGT (p.L425_V426del) (2)

CACNA1D c.776T>A (p.V259D) (4) c.2906C>T (p.S969L) (48)
c.776T>G (p.V259G) (14) c.2936T>A (p.V979D) (55)
c.926T>C (p.V309A) (49) c.2943G>C (p.V981N) (55)
c.1201C>G (p.V401L) (28) c.2968C>G (p.R990G) (49)
c.1207G>C [p.G403R (exon8A)] (3, 4) c.2969G>A (p.R990H) (4)
c.1207G>C [p.G403R (exon8B)] (3)** c.2978G>C (p.R993T) (49)
c.1229C>T (p.S410L) (30) c.2978G>T (p.R993M) (29)
c.1856G>C (p.R619P) (49) c.2992_2993GC>AT (p.A998I) (55)
c.1955C>T (p.S652L) (55) c.2993C>T (p.A998V) (55)
c.1964T>C (p.L655P) (55) c.3019T>C (p.C1007R) (49)
c.2182G>A (p.V728I) (20) c.3044T>G (p.I1015S) (49)
c.2222A>G (p.Y741C) (55) c.3044T>C (p.I1015T) (58)
c.2239T>G (p.F747V) (3) c.3451G>T (p.V1151F) (55)
c.2239T>C (p.F747L) (4) c.3452T>C (p.V1151A) (29)
c.2241C>G (p.F747L) (4) c.3455T>A (p.I1152N) (55)
c.2240T>G (p.F747C) (56) c.3458T>G (p.V1153G) (35)
c.2240T>C (p.F747S) (29)c c.4007C>G (p.P1336R) (4)
c.2250C>G (p.I750M) (3, 4) c.4012G>A (p.V1338M) (3)
c.2248A>T (p.I750F) (55) c.4062G>A (p.M1354I) (4)
c.2261A>G (p.N754S) (29)

CACNA1H c.4289T>C (p.I1430T) (9)
CLCN2 c.71G>A (p.G24D) (8)

c.64-2_74del (36)
Frontiers in E
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a-cAssociated with another somatic mutation (aKCNJ5 p.G151R; bKCNJ5 p.T149S; cCACNA1D p.N754S). * Base change information was not provided in the original article. For the
CACNA1D mutations, amino acid substitutions are described based on the reference sequence NM_001128839 otherwise noted (**NM_000720 for the mutation in exon 8B). Mutations
that are covered by the primer sets in Table 2 are highlighted in blue.
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rate. A proposed method for mutational analysis using banked
snap frozen material is shown in Figure 3.
DEFINING SOMATIC MUTATIONS IN
ALDOSTERONE-PRODUCING LESIONS

Sanger Sequencing
Traditional direct Sanger sequencing has been widely used for
the mutational analysis of APA. As new APA-related genes have
Frontiers in Endocrinology | www.frontiersin.org 4112
continuously been identified, it is challenging to perform Sanger
sequencing for the screening of multiple genes – particularly for
genes like CACNA1D, which have a large coding region with
dispersed mutation hotspot areas. Targeted NGS is rapidly
becoming the preferred method due to its high sensitivity and
ability to utilize small amounts of DNA; however, Sanger
sequencing is still an attractive method considering the high
per sample cost of NGS. As the prevalence of KCNJ5 hotspot
mutations in APA is relatively high, one option to decrease
sample throughput is screening for KCNJ5 mutation hotspots
FIGURE 1 | Proposed method for DNA mutation analysis using excised adrenal tissue sections from patients with primary aldosteronism. This approach uses
CYP11B2 immunohistochemistry (IHC) to define the source of aldosterone for DNA capture in FFPE tissue sections. Captured DNA is then used for Sanger or gene-
targeted deep sequencing to detect known and/or novel drivers of aldosterone production.
FIGURE 2 | Example of a multinodular adrenal sample from a patient with primary aldosteronism that illustrates the benefit of CYP11B2 IHC-guided DNA capture.
(A) Hematoxylin and eosin staining, (B) CYP11B2 immunohistochemistry; *, aldosterone-producing adenoma (APA); **, CYP11B2-negative tumor, (C) Post-captured
unstained FFPE adrenal tissue section. For DNA isolation, an APA and a CYP11B2-negative tumor were selectively scraped based on the results of CYP11B2
immunohistochemistry.
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using Sanger sequencing, followed by targeted NGS of KCNJ5
mutation-negative samples (29, 48) (Figure 1). This approach
significantly reduces cost and can also be applied to material
isolated from traditional snap frozen tissue (Figure 3). For
researchers without available NGS to screen entire coding
regions, targeted Sanger sequencing that covers the majority of
known aldosterone-driver mutations can be done in a systematic
manner. Based on the APA mutation prevalence from our
previous study (14), the use of five primer pairs (one for the
KCNJ5, one for ATP1A1, one for ATP2B3, and two for
CACNA1D, Table 2) appear to be able to identify over 70% of
mutations by direct Sanger sequencing in a Caucasian American
cohort. Special consideration is required for primer design when
using genomic DNA (gDNA) from FFPE as a template, since
FFPE-extracted DNA can be heavily degraded and fragmented.
Frontiers in Endocrinology | www.frontiersin.org 5113
The authors recommend designing primer sets that target the
amplicon size below 250 base pairs (bp) if possible.

Next-Generation Sequencing
NGS has rapidly become the standard approach for
comprehensive molecular profiling of human tumors due to its
ability to generate sequence-level genetic data simultaneously for
tens, hundreds, or even thousands of genes. Although a variety of
NGS methods and platforms exist, there are two broad
approaches: amplicon-based and hybridization capture-based
(Table 3). Amplicon-based approaches utilize multiplex PCR
reactions to amplify genomic regions of interest, while
hybridization capture-based methods utilize biotinylated
oligonucleotide baits to pull down target regions from pools of
sheared gDNA. In general, amplicon-based methods are
FIGURE 3 | Proposed method for processing fresh or frozen adrenal tumor tissue from patients with primary aldosteronism for mutational analysis. This approach
varies from FFPE processing (Figure 1) by the method of tissue collection and the need to use CYP11B2 mRNA detection for confirmation of APA status. However,
mutational analysis is similar using Sanger and/or next-generation sequencing to detect known and/or novel drivers of aldosterone production.
TABLE 2 | PCR primer sets for aldosterone-driver mutation hotspots.

Gene Exon Primer Sequences Amplicon Size (bp) Reference

KCNJ5 2 Forward GGACCATGTTGGCGACCAAGAGTG 211 (21)
Reverse GACAAACATGCACCCCACCATGAAG

ATP1A1 4 Forward ATTAACATCTGCTCGTGCAGCTGAG 227
Reverse CCATATGCTGAATTACAGAACTCAC

ATP2B3 8 Forward TGTCTGCCATCACCGTCATCATC 255 (14)
Reverse CCCAGTTTCCGAGTCTGTAAACAG

CACNA1D 8A Forward CCCACTCCTATGAGACCATC 190
Reverse TCTTGGCAACTGTCCTCAGG

16 Forward GGTGTGTGGCGTTGCCATTG 253 (29)
Reverse AACTGTTGCAGGGCTCCCA
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preferred for targeted sequencing of small numbers of genomic
regions or when available input DNA for NGS library
preparation is very low – particularly for FFPE samples – while
hybridization capture-based approaches are favored for
analyzing a large number of genomic regions [e.g., whole-
exome sequencing (WES)] when ample input DNA is
available. These and other differences between the NGS
approaches inform how they may be best utilized for
molecular profiling of aldosterone-producing lesions using
FFPE tissue (Figure 1).

Given the relatively limited number of established aldosterone-
driver mutations – coupled with the fact that most of these
mutations occur at specific hotspot regions within the affected
genes – targeted amplicon-based NGS is ideal for characterizing
FFPE APA samples. As mentioned earlier, recent studies utilizing
this approach have identified somatic aldosterone-driver
mutations in the vast majority of APA. In addition to the ability
to interrogate multiple genomic regions simultaneously, one of the
important advantages of NGS over Sanger sequencing is improved
sensitivity for detecting genetic variants. This is particularly
important for detecting somatic mutations in microscopic
lesions (i.e., APCC/APM), for which the expected allelic variant
fraction may be less than 20% (depending on the purity of the
isolated tissue for sequencing). Application of targeted amplicon-
based NGS to APCC in normal adrenal glands and from patients
with adrenal idiopathic hyperaldosteronism has identified somatic
aldosterone-driver mutations in 34-58% of these lesions (50–52).
For aldosterone-producing lesions that are mutation-negative by
targeted amplicon-based NGS, hybridization capture-based WES
of CYP11B2 IHC-guided FFPE tissue may identify novel
aldosterone-driver mutations (9, 36). Finally, despite several
clear advantages of NGS-based molecular profiling, application
of these approaches to FFPE tissue is potentially limited by FFPE-
associated DNA degradation (e.g., increased genomic
Frontiers in Endocrinology | www.frontiersin.org 6114
fragmentation, artifactual nucleotide deamination) and technical
issues (e.g., PCR amplification bias, sequencing error). Emerging
NGS methods, including the use of unique molecular identifiers
(UMI; as known as “molecular barcodes”), and novel NGS
technologies may begin to address some of these limitations and
will continue to revolutionize genomic characterization of human
tumors, including aldosterone-producing lesions.
CONCLUSIONS

Recent advances in sequencing technology have significantly
accelerated PA research to elucidate its molecular pathogenesis.
Unique histologic characteristics of adrenals from patients with
PA require special attention to tumor CYP11B2 expression for
accurate somatic mutation identification. The streamlined
approach using CYP11B2 IHC-guided DNA capture combined
with NGS appears to be a preferred method for mutational
analysis of adrenals from patients with PA. The use of this
CYP11B2 IHC-guided sequencing approach in a large
prospective cohort will allow us to accurately determine APA
mutation prevalence as well as genotype-phenotype correlations.
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The aim of this study was to analyze the differences in the distribution of abdominal adipose
tissue between the two subtypes of primary aldosteronism (PA) using abdominal computed
tomography. We retrospectively analyzed patients diagnosed as having essential
hypertension (EH) or PA from the prospectively collected Taiwan Primary Aldosteronism
Investigation (TAIPAI) database. Patients with PA were divided into the subgroups of
idiopathic hyperaldosteronism (IHA) and unilateral aldosterone-producing adenoma (APA).
Patients’ basic clinicodemographic data were collected, and a self-developed CT-based
software program was used to quantify the abdominal adiposity indexes, including visceral
adipose tissue (VAT) area, VAT ratio, waist circumference (WC), subcutaneous adipose
tissue (SAT) area, and SAT ratio. We included 190 patients with EH and 436 patients with
PA (238 with IHA and 198 with APA). The APA group had significantly lower abdominal
adiposity indexes than the other groups. We also found negative correlations of
aldosterone-to-renin ratio (ARR) with VAT area, VAT ratio, WC, and body mass index
(BMI) in the APA group. After propensity score matching (which left 184 patients each in the
IHA and APA groups), patients in the APA group still had significantly lower WC, SAT area,
SAT ratio, and VAT ratio than those in the IHA group. Furthermore, logistic regression
analysis indicated that lower probability of abdominal obesity was significantly related to
patients with APA. Our data revealed that the distribution of abdominal adipose tissue was
similar in patients with IHA and those with EH, but the abdominal adiposity indexes were
significantly lower in patients with APA than in those with IHA and EH.

Keywords: primary aldosteronism, abdominal computed tomography, idiopathic hyperaldosteronism, aldosterone-
producing adenoma, abdominal adiposity indexes
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INTRODUCTION

PA is one of the most common types of endocrine hypertension,
with a prevalence of 5%–13% in patients with hypertension (1, 2).
It is characterized by high plasma aldosterone concentration (PAC)
and low plasma renin activity (PRA). PA has been considered a
rare disease, but recent studies have determined that up to 20% of
patients with resistant hypertension have PA (3–5).

Abdominal obesity is a common risk factor for cardiovascular
events in patients with hypertension. Patients with EH have a
similar probability of developing lipid metabolism disorder to
those with PA (6, 7). In addition, an increased PAC may unstable
the metabolic complications associated with abdominal adiposity,
leading to a high risk of morbidity and mortality (6, 8–10). This
implies that the etiology for developing the metabolic syndromes
of obesity, dyslipidemia, and hyperglycemia in patients with PA
might differ from that in patients with EH (11, 12).

Among patients with PA, 64% have IHA caused by bilateral
adrenal hyperplasia and 27% have APA (13). Moreover, two
subtypes of PA (IHA and APA) have different pathogeneses, and
patients with APA have much higher levels of aldosterone than
do those with IHA (14, 15). Therefore, patients with APA should
theoretically experience severer obesity-related disorders than
those with IHA due to aldosterone excess. However, studies have
reported that patients with IHA have more metabolic disorders
and a higher prevalence of obesity than those with APA (16, 17).
We accordingly assumed that the distribution and mechanisms
of the development of abdominal obesity in the two subtypes of
PA should also be different. Therefore, using patients with EH as
the control group, we investigated the relationship between
abdominal fat tissue distribution and pathophysiology, and the
factors affecting them, in the two subtypes of PA.
MATERIALS AND METHODS

Case Collection
This was a retrospective analysis of a prospectively collected
database. We enrolled patients diagnosed as having EH and PA
from the Taiwan Primary Aldosteronism Investigation (TAIPAI)
database from 2010 to 2018. We collected patients’ abdominal
computed tomography (CT) scans and basic clinicodemographic
data, including sex, age, BMI, systolic blood pressure (SBP),
diastolic blood pressure (DBP), potassium ion concentration,
PAC, PRA, ARR, and estimated glomerular filtration rate
(eGFR). Patients’ history of hypertension and type 2 diabetes
(T2D) were also collected. All patient identifying information
was removed from the CT scans before analysis, and the
requirement to obtain informed consent was waived by the
institutional review board.

Classification of PA Subtypes
PA was diagnosed based on the following biochemical criteria:
(a) autonomous excess aldosterone production evidenced with
an ARR > 35; (b) a TAIPAI score > 60% (18); and (c) post-saline
Frontiers in Endocrinology | www.frontiersin.org 2118
loading PAC > 10 ng/dL, ARR > 35 in a post-captopril/losartan
test, or PAC > 6 ng/dL indicated by a fludrocortisone
suppression test.

The classification of PA into subtypes was based on TAIAPI
experience (2, 19). IHA was diagnosed according to the following
criteria: (a) evidence of bilateral diffuse enlargement on
preoperative computed tomography (CT); (b) nonlateralization
of aldosterone secretion during adrenal venous sampling; and
(c) diffuse cell hyperplasia on biopsy of resected specimen in
patients who underwent an operation. APA was diagnosed based
on the following criteria: (a) biochemical finding of PA and the
evidence of adenoma on preoperative CT; (b) lateralization of
aldosterone secretion during adrenal venous sampling; and
(c) pathologically proven adenoma after adrenalectomy and
(d) the subsequent emergence of either a cure pattern of
hypertension without antihypertensive agents and improvement
in hypertension, potassium, PAC, and PRA (14).

Quantification of Abdominal Adipose
Tissue Using Multidetector CT
CT was used to calculate WC and quantify the parameters of
abdominal adipose tissue. The CT scanning parameters were as
follows: the tube voltage was 120 kVp, and the tube current was
under automated exposure control. Slice thickness was 5 mm, and
the scan range went from the upper edge of T12 to S1. A self-
developed program written on the MATLAB platform was used to
measure abdominal adipose tissue and its relevant indexes. To set
the threshold segmentation, the Hounsfield unit (HU) values were
set between −190 and −30 for fat and between −29 and 150 for
muscle (20). The procedure is depicted in Figure 1. First, a slice of
the umbilical area was selected (Figure 1A) to measure WC
(Figure 1B). Next, one of the slices at L4 transverse process was
selected (Figures 1C,D). The regions of interest in the layer of VAT,
layer ofmuscle, and layer of SATwere circled on the slice to calculate
the area of the total abdomen (Figure 1E). Finally, the set HU values
for fat was used for threshold segmentation, and the corresponding
SAT and VAT areas were calculated (Figure 1F). To eliminate
individual differences, the SAT and VAT areas were divided by the
total abdomen area to ensure standardized SAT and VAT ratios.

Statistical Analysis
Statistical analysis was performed using SPSS v22.0 (IBM Corp.,
Armonk, NY, USA). Data were presented as mean ± standard
deviation for continuous variables and as percentage for categorical
variables. Nonnormally distributed variables, such as PAC, PRA,
and ARR, were expressed as median and interquartile range.
Significant difference were compared using one-way ANOVA
with the Bonferroni post-hoc for continuous variables, Chi-square
test for categorical variables and Kruskal–Wallis tests for
nonnormally distributed variables among EH, IHA, and APA
groups or between any two groups. Spearman’s rank correlation
was calculated for each of the three groups, and linear correlations
among BMI, abdominal adiposity indexes, and ARR were analyzed.

A 1:1 propensity score matching (PSM) analysis was
conducted. Propensity scores were estimated to control for
July 2021 | Volume 12 | Article 647184
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possible confounding bias, such as sex, age, and BMI between
any two groups in this study. The independent samples t test was
used to compare continuous variables between two groups. We
also performed univariate and multivariate logistic regression
analysis to detect the relationship between the two subtypes of
PA, clinical data and abdominal adiposity indexes.
RESULTS

EH vs. PA
We included 190 patients diagnosed with EH and 436 diagnosed
with PA. The EH group had a higher proportion of men than the
PA group did, but age and BMI were not significantly different
Frontiers in Endocrinology | www.frontiersin.org 3119
between the two groups. The PA group exhibited significantly
higher SBP, higher DBP, and longer duration of hypertension
compared with the EH group. Significantly higher PAC, higher
ARR, lower PRA, and lower potassium ion concentration were
observed in the PA group compared with the EH group. Analysis
of abdominal adiposity indexes indicated that the PA group had
significantly lower WC, total abdomen area, VAT area, and VAT
ratio than the EH group. The results of before and after PSM for
sex between EH and PA groups are presented in Table S1.

EH vs. Two Subtypes of PA
In total, 238 patients with IHA and 198 patients with APA who
were scheduled to undergo adrenalectomy. Table 1 compares the
clinical and demographic variables between the groups. The EH
A B

D

E F

C

FIGURE 1 | Schematic of abdominal adipose tissue quantification using computed tomographic images. The sagittal plane (A) was used to locate the umbilical
area, and one of the corresponding transverse planes (B) was selected to measure waist circumference. Then, volume rendering (C) was used to locate the L4
area (D). The regions of interest of visceral fat (blue), muscular layer (green), and subcutaneous fat (red) were circled in one of the transverse planes (E).
Quantification of the fat areas was completed through threshold segmentation (F).
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group had a significantly higher proportion of men than the IHA
group did, but not compared with the APA group. SBP and DBP
were higher in the IHA and APA groups than in the EH group,
but the duration of hypertension was significantly longer in
patients with IHA than in those with EH. Compared with the EH
group, the APA group had significantly higher ARR and both the
APA and IHA groups had significantly higher PAC, higher ARR,
lower PRA, and lower potassium ion concentration. Analysis of
abdominal adiposity indexes indicated that the SAT ratio was
significantly higher in the IHA group than in the EH group.
However, the EH and IHA groups did not differ significantly in
terms of WC, total abdomen area, SAT area, VAT area, and VAT
ratio. By contrast, the APA group had significantly lower WC,
total abdomen area, SAT area, VAT area, and VAT ratio than the
EH group did. The results of PSM for sex, age, and BMI for the
EH group vs. the IHA group and the EH group vs. the APA group
are presented in Table S2.

Relationships of ARR With Factors
No significant correlations were observed between ARR,
abdominal adiposity indexes, and BMI in the PA group.
However, in the APA group, negative correlations of ARR were
identified with VAT area (r = −0.174, p < 0.05; Figure 2A), VAT
ratio (r = −0.177, p < 0.05; Figure 2B), WC (r = −0.182, p < 0.05;
Figure 2C), and BMI (r = −0.176, p < 0.05; Figure 2D); however,
no statically significant correlations were observed with total
abdomen area (r = −0.152, p = 0.06), SAT area (r = −0.132, p =
0.09), or SAT ratio (r = −0.038, p = 0.63). By contrast, in the
Frontiers in Endocrinology | www.frontiersin.org 4120
patients with EH or IHA, no statically significant correlations were
observed of ARR with any factors.

IHA vs. APA
As shown in Table 1, age and BMI were significantly higher in
the IHA group than in the APA group. PAC and ARR were
significantly higher and potassium ion concentration was
significantly lower in patients with APA than in those with
IHA. Analysis of abdominal adiposity indexes indicated that the
APA group had significantly lower WC, SAT area, VAT area,
SAT ratio, and VAT ratio than the other groups.

The clinical data and abdominal adiposity indexes after PSM
for age and BMI, which led to 184 patients each in IHA and APA
groups, are listed in Table 2. No significant differences in sex,
duration of hypertension, presence of T2D, SBP, DBP, PAC, or
PRA were noted. However, as was the case before PSM, ARR
remained significantly higher and potassium ion concentration
remained significantly lower in patients with APA than in those
with IHA. Furthermore, the APA group had significantly lower
values of all the abdominal adiposity indexes than the IHA group,
including WC, SAT area, SAT ratio and VAT ratio (Figure 3).

Univariate and Multivariate Logistic
Regression Analysis Between
IHA and APA
Logistic regression for WC, SAT ratio, VAT ratio, potassium ion
concentration, ARR and eGFR were performed to distinguish
APA from IHA after PSM for age and BMI. As shown in Table 3,
TABLE 1 | Comparison of clinicodemographic data and abdominal adiposity indexes among the EH, IHA, and APA groups.

Variables EH IHA APA Overall p-value p-value between each two groups

(n = 190) (n = 238) (n = 198) EH vs. IHA EH vs. APA IHA vs. APA

Clinicodemographic data
Sex, male (%)(a) 115 (61%) 110 (46%) 101 (51%) <0.05 <0.05 0.18 0.95
Age, years 54.56 ± 14.85 54.39 ± 11.10 51.29 ± 10.79 <0.05 1.00 <0.05 <0.05
BMI, kg/m2 25.93 ± 4.90 26.03 ± 3.89 24.95 ± 4.11 <0.05 1.00 0.08 <0.05
Duration of hypertension, years 5.41 ± 7.92 7.39 ± 8.41 6.56 ± 6.33 <0.05 <0.05 0.42 0.79
Presence of type 2 diabetes (%)(a) 25 (13%) 45 (19%) 34 (17%) 0.26 0.33 0.87 1.00
SBP, mmHg 146.76 ± 26.29 153.39 ± 18.96 153.78 ± 20.80 <0.01 <0.01 <0.01 1.00
DBP, mmHg 86.77 ± 16.49 92.96 ± 13.01 92.71 ± 13.96 <0.001 <0.001 <0.001 1.00
Potassium, mmol/L 4.11 ± 0.44 3.83 ± 0.56 3.49 ± 0.61 <0.001 <0.001 <0.001 <0.001
PAC(b), ng/dL 31.48 42.20 45.09 <0.001 <0.05 <0.001 <0.05

(22.27 to 46.63) (31.50 to 61.95) (30.78 to 74.80)
PRA(b), ng/mL/h 1.67 0.31 0.23 <0.001 <0.001 <0.001 0.67

(0.33 to 4.95) (0.10 to 0.62) (0.10 to 0.56)
ARR(b) 20.95 153.46 233.60 <0.001 0.14 <0.001 <0.001

(9.62 to 99.77) (70.34 to 422.84) (70.13 to 640.50)
eGFR, mL/min/1.73m2 85.96 ± 25.12 92.73 ± 32.11 88.80 ± 25.86 0.11 0.16 1.00 0.47

Abdominal adiposity indexes
WC, cm 84.61 ± 10.26 84.17 ± 9.80 80.52 ± 9.84 <0.001 1.00 <0.001 <0.001
Total abdomen area, cm2 624.36 ± 166.42 606.30 ± 146.13 575.39 ± 157.99 <0.01 0.70 <0.01 0.12
SAT area, cm2 172.04 ± 79.00 178.77 ± 71.29 150.21 ± 63.06 <0.001 0.99 <0.01 <0.001
VAT area, cm2 162.85 ± 85.38 156.04 ± 72.06 131.54 ± 82.89 <0.001 1.00 <0.001 <0.01
SAT ratio 0.27 ± 0.07 0.29 ± 0.08 0.25 ± 0.07 <0.001 <0.01 0.42 <0.001
VAT ratio 0.24 ± 0.08 0.24 ± 0.07 0.21 ± 0.08 <0.001 1.00 <0.001 <0.001
July 2021
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Data were presented as mean ± SD, median (interquartile range), or number (%). EH, essential hypertension; IHA, idiopathic hyperaldosteronism; APA, aldosterone-producing adenoma;
BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; PAC, plasma aldosterone concentration; PRA, plasma renin activity; ARR, aldosterone–renin ratio;
WC, waist circumference; SAT area, area of subcutaneous adipose tissue; VAT area, area of visceral adipose tissue; SAT ratio was calculated by dividing SAT area by total abdomen area;
VAT ratio was calculated by dividing VAT area by total abdomen area.
(a)chi-square test; (b)Kruskal-Wallis test.
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our multivariate regression analysis data revealed that patients
with APA exhibited lower SAT ratio, VAT ratio and potassium
ion concentration than patients with IHA. We additionally
provide regression data before executing PSM in Table S3, the
results also show that patients with APA has a lower chance of
developing abdominal obesity and more severe hypokalemia,
and are irrelevant to age and BMI.
DISCUSSION

This study is unique in that it involves 436 sets of abdominal CT
scans and clinical data from patients with PA; in contrast to other
studies, we added an additional 190 sets of data from patients
with EH for comparison. The strength of our study is the direct
use of CT scans to assess the abdominal component, in
particular, the SAT and VAT can be measured directly and
quantified using the following indexes, area and ratio. Our
approach should be more convincing than other previous
studies that use weight, BMI, or WC for assessment (16, 17).
Our study reveals that the APA group had significantly lower
abdominal adiposity indexes than the other groups. We also
found negative correlations of ARR with VAT area, VAT ratio,
WC, and BMI in the APA group. After PSM, patients in the APA
group still had significantly lower WC, SAT area, SAT ratio, and
VAT ratio than those in the IHA group. Furthermore, the logistic
regression analysis indicated that lower probability of abdominal
obesity was significantly related to patients with APA.

Adipose tissue is involved in many physiological and
pathological processes. Excessive adipose tissue often causes with
excessive PAC, causing the mineralocorticoids continuously
activated and strengthened. This finally leads to the inflammation
and adipocyte differentiation (21–24). Studies have indicated that
A B

DC

FIGURE 2 | Correlations of ARR with (A) VAT area, (B) VAT ratio, (C) WC and (D) BMI in patients with APA.
TABLE 2 | Comparison of clinicodemographic data and abdominal adiposity
indexes between the IHA and APA groups after propensity score matching for
age and BMI.

Variables IHA APA p-
value(n = 184) (n = 184)

Clinicodemographic data
Sex, male (%)(a) 96 (52%) 89 (47%) 0.39
Age, years 53.35 ± 11.06 52.66 ± 9.72 0.52
BMI, kg/m2 25.96 ± 3.83 25.21 ± 4.08 0.07
Duration of hypertension, years 7.08 ± 8.41 6.87 ± 6.43 0.79
Presence of type 2 diabetes
(%)(a)

28 (15%) 33 (18%) 0.31

SBP, mmHg 152.32 ± 18.65 153.89 ± 20.56 0.44
DBP, mmHg 92.60 ± 12.36 92.22 ± 13.53 0.77
Potassium, mmol/L 3.82 ± 0.54 3.51 ± 0.61 <0.001
PAC(b), ng/dL 42.600 45.500 0.14

(31.90 to 62.60) (30.55 to 74.72)
PRA(b), ng/mL/h 0.310 0.220 0.18

(0.10 to 0.62) (0.097 to 0.52)
ARR(b) 155.750 235.380 <0.01

(67.81 to
455.86)

(70.34 to
620.35)

eGFR, mL/min/1.73m2 93.84 ± 33.91 87.21 ± 24.23 <0.05
Abdominal adiposity indexes
WC, cm 84.22 ± 9.51 81.39 ± 9.48 <0.01
Total abdomen area, cm2 597.32 ± 140.91 586.31 ± 157.00 0.48
SAT area, cm2 173.62 ± 68.27 153.61 ± 63.28 <0.01
VAT area, cm2 151.73 ± 70.52 137.09 ± 83.04 0.06
SAT ratio 0.58 ± 0.15 0.52 ± 0.14 <0.001
VAT ratio 0.24 ± 0.07 0.21 ± 0.08 <0.001
Data were presented as mean ± SD, median (interquartile range), or number (%). IHA,
idiopathic hyperaldosteronism; APA, aldosterone-producing adenoma; BMI, body mass
index; SBP, systolic blood pressure; DBP, diastolic blood pressure; PAC, plasma
aldosterone concentration; PRA, plasma renin activity; ARR, aldosterone–renin ratio;
WC, waist circumference; SAT area, area of subcutaneous adipose tissue; VAT area,
area of visceral adipose tissue; SAT ratio was calculated by dividing SAT area by total
abdomen area; VAT ratio was calculated by dividing VAT area by total abdomen area.
(a)chi-square test; (b)Kruskal-Wallis test.
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the prevalence of obesity or dyslipidemia does not differ significantly
between EH and PA groups (6, 25). Although our results indicated
that the PA group had significantly lower WC and VAT than the
EH group did, these differences disappeared after PSM for sex
(Table S1).

However, PSM for sex, age, and BMI yielded no significant
differences in WC or other abdominal adiposity indexes between
patients with EH and IHA, whereas patients with APA had
significantly lower WC, total abdomen area, SAT and VAT than
those with EH (Table S2). This demonstrates that the metabolic
phenotypes of obesity are similar in the EH and IHA groups,
which is consistent with previous research (7). The present data
suggested that, in contrast to patients with IHA, the metabolic
profile of patients with APA might be a crucial factor that lowers
the obesity prevalence in the overall PA population.
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Distribution of abdominal fat is an important predictor of
cardiovascular risk, increasing accumulation of SAT and VAT
are associated with several cardiac diseases, particularly the
VAT is an independent factor for metabolic syndrome (MetS)
in patients with obesity (26). Whereas, interesting was that
recent studies had indicated that patients with APA had higher
risk of developing cardiac events among the PA population
(27, 28). And despite having lower PAC than patients with
APA, only those with IHA are more likely to develop MetS
(16, 17).

Our study at least provides another point of view to support
these inconsistent issues. In this study, patients with IHA and
APA exhibited different distributions of abdominal adipose tissue.
Even after controlling for age and BMI, patients with APA
exhibited significant lower WC, SAT and VAT than patients
TABLE 3 | Logistic regression analysis of WC, SAT ratio, VAT ratio, potassium concentration, ARR and eGFR between IHA and APA group after propensity score
matching for age and BMI.

Variables Univariate Regression Analysis Multivariate Regression Analysis

b OR 95% CI of OR p-value b OR 95% CI of OR p-value

WC, cm -0.032 0.969 0.948 – 0.991 <0.05 -0.004 0.996 0.966 - 1.027 0.793
SAT ratio -5.138 0.006 0.000 – 0.096 <0.01 -4.559 0.010 0.000 - 0.336 <0.05
VAT ratio -3.834 0.022 0.002 – 0.289 <0.05 -5.271 0.005 0.000 - 0.216 <0.01
Potassium, mmol/L -0.930 0.394 0.269 – 0.579 <0.001 -0.828 0.437 0.290 - 0.658 <0.001
ARR 0.001 1.000 1.000 – 1.000 <0.01 0.001 1.000 1.000 - 1.000 <0.05
eGFR, mL/min/1.73m2 -0.008 0.992 0.985 – 0.999 <0.05 -0.008 0.992 0.984 - 1.001 0.073
July 202
1 | Volume 12 | Article
IHA, idiopathic hyperaldosteronism; APA, aldosterone-producing adenoma; b, Coefficient of regression equation; OR, Odds ratio; CI, Confidence interval; WC, waist circumference; SAT,
subcutaneous adipose tissue; VAT, visceral adipose tissue; SAT ratio was calculated by dividing SAT area by total abdomen area; VAT ratio was calculated by dividing VAT area by total
abdomen area; ARR, aldosterone–renin ratio. For the OR, IHA group was coded as 0, APA group was coded as 1.
A B DC

FIGURE 3 | The violin plot of (A) WC, (B) SAT area, (C) SAT ratio and (D) VAT ratio for propensity score matched patients between IHA and APA.
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with IHA. According to our logistic regression analysis, patients
with IHA and APA exhibited significant differences in SAT and
VAT. Consequently, it can be assumed that the higher incidence
of cardiac events in the APAs is not associate with obesity, but
may be direct related to the toxicity of chronic excess aldosterone.

ARR is an indicator of disorder in aldosterone activity and is
useful for the diagnosis of PA (29). In particular, ARR is highly
sensitive and specific in diagnosing APA (30, 31). In the present
study, ARR was significantly negatively correlated with VAT
area, VAT ratio, WC, and BMI in patients with APA. These
findings were consistent with Er et al., who indicated that
patients with APA had relatively smaller abdominal fat
distribution, but the VAT will be increased after unilateral
adrenalectomy (32). However, relevant study is still sparse, and
the exact pathomechanisms remain clarified in the future.

No relationship was observed between ARR and other factors
in patients with IHA. By contrast, Shibayama et al. (33) had
reported that PAC was positively proportional to visceral fat
distribution in patients with IHA. Taken together, the findings
indicate that the relationship of abdominal obesity with
aldosterone activity may differ between IHA and APA. These
findings are in line with the notion that long-term aldosterone
excess in patients with APA may lead to inflammation and
fibrosis of perirenal fat tissue, eventually resulting in reduced
abdominal adiposity indexes (34).

This retrospective study had the following limitations. First,
we did not exclude autonomous cortisol secretion in patients with
APA. Cortisol hypersecretion can be associated with obesity.
Second, we did not evaluate laboratory data, such as lipid
profile and HOMA-IR index, but these data have been proven
to be irrelevant to abdominal fat accumulation (32). Third, this
retrospective study did not take the effects of relevant medication
history into account, such as antihypertensives or statins.

In conclusion, our data revealed that the abdominal adipose
tissue indexes were similar in patients with IHA and those with
EH but were markedly lower in patients with APA. Furthermore,
ARR was negatively correlated with VAT area, VAT ratio, WC,
and BMI in patients with APA but not in patients with IHA.
These findings provide new insights into the relationship
between adipose tissue and aldosterone excess in patients with
APA and IHA. This suggests that patients with APA could be
relatively lean during clinical practice, but still need to beware of
Frontiers in Endocrinology | www.frontiersin.org 7123
higher risk of cardiac disease, such as heart failure, atrial
fibrillation, ischemic heart disease, and other vascular events.
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and Liang Zhou*
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Chengdu, China

Purpose: This study aimed to determine the relationships among gut microbiota, primary
aldosteronism (PA), and related metabolic disorders.

Methods: The study enrolled 13 PA patients, 26 sex-matched primary hypertension
patients, and 26 sex-matched healthy controls. Demographic and clinical characteristics
such as age, body mass index (BMI), blood aldosterone–renin ratio, blood potassium,
blood glucose, blood lipid parameters, and history of diabetes mellitus (DM) were
compared between the three groups. The gut microbiota of each participant was
examined by 16S rRNA gene sequencing. Spearman correlation analysis was performed
to demonstrate the relationship between gut microbiota and clinical characteristics.

Results: BMI and the percentage of DM in PA patients were higher than those in healthy
controls (p < 0.05), but not higher than those in primary hypertension patients (p > 0.05).
The gut microbiota of healthy controls and primary hypertension patients had a higher
alpha diversity level than that of PA patients. PA patients had fewer short-chain fatty acid
(SCFA)-producing genera (Prevotella, Blautia, Coprococcus, Anaerostipes, and
Ruminococcus) and more inflammation-associated genera (Megamonas, Sutterella, and
Streptococcus) than healthy controls (p < 0.05). The gut microbiota of PA patients was
more inclined to encode microbial pathways involved in sugar metabolism, such as starch
and sucrose metabolism and fructose and mannose metabolism. Blood potassium was
negatively correlated with the relative abundance of Romboutsia (R = −0.364, q = 0.023).
Diastolic blood pressure (DBP) was positively correlated with Romboutsia (R = 0.386,
q = 0.015). Systolic blood pressure (SBP) was negatively correlated with Blautia
(R = −0.349, q = 0.030).

Conclusions: The alteration of gut microbiota in PA patients, especially bacteria and
pathways involved in inflammation, SCFAs, and sugar metabolism, may be associated
with chronic metabolic disorders.
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INTRODUCTION

Primary aldosteronism (PA) is the most common cause of
secondary hypertension (1). PA is frequently poorly diagnosed
and treated, leading to aldosterone-specific morbidity and
mortality. Many observational studies have reported an
increased prevalence of metabolic complications [such as
diabetes mellitus (DM) and obesity] among PA patients (2, 3).
Hyperaldosteronemia, hypokalemia, and cortisol secretion are
regarded as risk factors for metabolic disorders (4). However, a
clear pathophysiological interrelationship linking the two entities
has yet to be established.

The gut microbiome is part of a complex ecosystem. Many
studies have shown that the gut microbiota and its metabolites
are involved in some metabolic diseases, such as metabolic
syndrome, DM, and obesity (5–8). Since the reasons for high
prevalence of metabolic diseases in PA patients have not been
well described, it will be interesting to explore the interaction
between PA-induced metabolic disorders and independent
microbial characteristics. To address this problem, we
conducted a case–control study with 65 participants in which
we analyzed gut microbiota to establish the intestinal microbial
profiles of PA patients. We aimed to determine the relationship
between gut microbiota, PA, and related metabolic diseases.
MATERIALS AND METHODS

Study Population
A case–control study was performed at West China Hospital,
Sichuan University in China from September 2019 to December
2019. We recruited PA patients, primary hypertension patients,
and healthy controls. PA patients (PA group) were primarily
diagnosed by the aldosterone–renin ratio (cutoff value = 30), and
then confirmed by an intravenous saline load test (cutoff value of
postsaline aldosterone = 5 ng/dl) and a captopril challenge test
(cutoff value of postcaptopril aldosterone = 11 ng/dl). Abdominal
computed tomography was performed to determine the location
of the adrenal nodules. Adrenal venous sampling was performed
to preoperatively distinguish unilateral and bilateral PA. Primary
hypertension patients (hypertension group) were defined as
patients with hypertension who had systolic blood pressure (SBP)
≥140 mmHg or diastolic blood pressure (DBP) ≥90 mmHg. Blood
cortisol, catecholamine and renin–angiotensin–aldosterone, thyroid
hormone, thyroid-stimulating hormone, and parathyroid hormone
were examined to verify that they did not have endocrine
hypertension. Acromegaly and obstructive sleep apnea were also
considered if patients reported related symptoms (1). Healthy
controls (control group) were defined as participants without
hypertension, with SBP ≤139 mmHg and DBP ≤89 mmHg.
Blood pressure was measured in a sitting position by nurses
or physicians. Three readings were recorded at 5-min intervals
with a random-zero mercury column sphygmomanometer,
and the ;average was taken as the final measurement. All PA
patients received laparoscopic adrenalectomy, with the
pathological specimen confirmed as cortical adenoma.
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This study was approved by the West China Hospital, Sichuan
University Medical Research Ethics Committee (IRB approval
number 2018182), and informed consent was obtained from
each participant.

Participants were excluded if they had the following
conditions: the use of antibiotics within 3 months before fecal
sampling, inflammatory bowel disease, irritable bowel syndrome,
digestive tract infection, tumors of the digestive system, intestinal
surgery, and recurrent diarrhea or constipation within 1 month
before stool sample collection.

Collection of Demographic and
Clinical Characteristics
A questionnaire was designed to query the demographic and
clinical information of participants, including sex, age, and
history of smoking and drinking. Weight and height were
measured by instruments. Body mass index (BMI) was
calculated by dividing weight in kilograms by the square of
height in meters. Blood pressure, blood aldosterone–renin
ratio, blood potassium, blood glucose, blood lipid parameters
[triglyceride, cholesterol, high-density lipoprotein (HDL) and
low-density lipoprotein (LDL)], and history of DM were
obtained from medical records. Fecal samples of the study
participants were collected at inpatient or outpatient
departments when PA and primary hypertension patients
visited our hospital. We asked healthy controls from the
health examination center of our hospital to provide stool
samples voluntarily. The samples were immediately frozen
in liquid nitrogen and subsequently stored at −80°C
until analysis.

Analyses of Gut Microbiota
Microbial DNA was extracted from fecal samples using a
QIAamp Fast DNA Stool Mini Kit. Negative controls were
conducted using sterile water to exclude any possible
contamination. The V3–V4 regions of the 16S rRNA gene
were amplified with primers 338 F (5′-ACTCCTACGGGAG
GCAGCAG-3′) and 806R (5′-GGACTACHVGGGTWT
CTAAT-3′). We constructed a library using the NEXTFLEX
Rapid DNA-Seq Kit. Amplicons were pooled in equimolar
amounts and paired-end sequenced (2 × 300) on an Illumina
MiSeq platform. After demultiplexing, the resulting sequences
were merged by FLASH (version 1.2.11) (9) and quality filtered
with fastp (version 0.19.6) (10). Then the sequences were
denoised using the DADA2 (11) plugin in QIIME2 (version
2020.2) (12). The denoised sequences are called amplicon
sequence variants (ASVs). Taxonomic assignment of ASVs was
performed with the SILVA 16S rRNA gene database
(version 138).

Based on the sequencing data, the coverage index was first
calculated to determine if the sequencing depth covered the
whole bacterial diversity. The higher the coverage index is, the
higher the probability of the sequence being detected. We
compared the alpha diversity indices, such as the Shannon and
Simpson indices between the control, hypertension, and PA
groups. A higher Shannon index and a lower Simpson index
August 2021 | Volume 12 | Article 667951
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indicate a higher richness and evenness of the gut microbiota.
Interindividual variability (beta diversity) among these three
groups was also evaluated with principal coordinates analysis
(PCoA) by Bray–Curtis distance, the permutational multivariate
analysis of variance (PERMANOVA) test, and the analysis of
similarities (ANOSIM) test. The linear discriminant analysis
(LDA) effect size (LEfSe) method was used to identify
differentially abundant bacteria among the three groups (13).
The Kyoto Encyclopedia of Genes and Genomes (KEGG)
metabolic pathways were predicted by PICRUSt2 (14). A
random forest algorithm was used to determine which bacteria
had key roles in distinguishing PA patients from primary
hypertension patients and healthy controls. Spearman
correlation analysis was performed to demonstrate the
relationship between gut microbiota and clinical characteristics.

Statistical Analysis
Qualitative parameters are presented as numbers and percentages.
Quantitative parameters were reported as the mean and standard
deviation if they were symmetrically distributed. Otherwise, they
are shown as the median and interquartile range. Fisher’s exact test
was used to examine qualitative parameters. Student’s t-test,
analysis of variance (ANOVA), Mann–Whitney U test, and
Kruskal–Wallis test were applied for testing quantitative
parameters. We performed all the statistical analyses in R
(version 3.6.3) (R Project for Statistical Computing, www.r-
project.org).
Frontiers in Endocrinology | www.frontiersin.org 3127
RESULTS

General Characteristics of Healthy
Controls, Primary Hypertension Patients,
and PA Patients
A total of 65 participants were enrolled in our study, consisting
of 13 PA patients, 26 sex-matched primary hypertension
patients, and 26 sex-matched healthy controls (Table 1). The
mean ages of the control group (50.1 years) and the PA group
(46.4 years) were not significantly different (p = 0.196), while
they were both lower than that of the hypertension group
(56.9 years) (p < 0.05). BMI was higher in PA patients (24.5)
than in healthy controls (23.5) (p = 0.043), while it was not
significantly different between the PA group and the
hypertension group (p = 0.126). PA patients had higher DBP
than primary hypertension patients (p < 0.001), while their SBPs
were not significantly different (p = 0.151). The blood potassium
level of the PA group was lower than those of the hypertension
and PA groups (p < 0.001). More PA patients had DM than
healthy controls (30.8% vs. 3.8%, p = 0.018). However, the
percentages of DM were not significantly different between PA
patients and primary hypertension patients (30.8% vs. 26.9%,
p = 0.801). History of smoking and drinking, blood glucose, and
blood lipid parameters were not different between the three
groups (p > 0.05).

PA patients used many types of antihypertensive drugs before
surgery, including angiotensin-converting enzyme inhibitors,
TABLE 1 | Demographic and clinical characteristics of study participants in control, primary hypertension, and PA patients.

Parameters PA (n = 13) Primary
hypertension

(n = 26)

Control
(n = 26)

p-value
(PA vs. primary
hypertension vs.

control)

p-value
(PA vs.
control)

p-value
(PA vs.
primary

hypertension)

p-value
(primary

hypertension vs.
control)

Sex 1.000 (a) 1.000 (a) 1.000 (a) 1.000 (a)
Male 8 (61.5%) 16 (61.5%) 16 (61.5%)
Female 5 (38.5%) 10 (38.5%) 10 (38.5%)

Age (years) 46.4 (11.8) 56.9 (6.9) 50.1 (6.0) <0.001 (b) 0.196 (b) 0.001 (b) <0.001 (b)
BMI (kg/m2) 24.5 (6.4) 24.1 (5.1) 23.5 (3.5) 0.124 (c) 0.043 (c) 0.126 (c) 0.558 (c)
SBP (mmHg) 147.9 (13.8) 140.9 (14.3) 122.7 (13.2) <0.001 (b) <0.001 (b) 0.151 (b) <0.001 (b)
DBP (mmHg) 99.2 (12.2) 83.2 (8.2) 77.7 (9.6) <0.001 (b) <0.001 (b) <0.001 (b) 0.031 (b)
Aldosterone–renin ratio 426.2 (709.3) 6.1 (7.6) – – – <0.001 (c) –

Blood potassium (mmol/L) 3.20 (0.22) 3.93 (0.22) 4.34 (0.37) <0.001 (b) <0.001 (b) <0.001 (b) <0.001 (b)
Blood glucose (mmol/L) 5.42 (1.33) 5.35 (0.95) 4.88 (0.65) 0.053 (c) 0.036 (c) 0.964 (c) 0.019 (c)
Triglyceride (mmol/L) 0.96 (2.18) 1.45 (0.96) 1.41 (0.41) 0.231 (c) 0.126 (c) 0.136 (c) 0.641 (c)
Cholesterol (mmol/L) 4.35 (0.81) 4.41 (1.02) 4.92 (0.96) 0.101 (b) 0.077 (b) 0.864 (b) 0.070 (b)
HDL (mmol/L) 1.27 (0.33) 1.25 (0.28) 1.26 (0.23) 0.973 (b) 0.924 (b) 0.839 (b) 0.868 (b)
LDL (mmol/L) 2.62 (0.64) 2.54 (0.89) 2.64 (0.81) 0.899 (b) 0.939 (b) 0.772 (b) 0.671 (b)
DM 0.036 (a) 0.035 (a) 1.000 (a) 0.050 (a)
Yes 4 (30.8%) 7 (26.9%) 1 (3.8%)
No 9 (69.2%) 19 (73.1%) 25 (96.2%)

Smoking 0.835 (a) 0.719 (a) 0.714 (a) 1.000 (a)
Yes 3 (23.1%) 9 (34.6%) 8 (30.8%)
No 10 (76.9%) 17 (65.4%) 18 (69.2%)

Drinking 1.000 (a) 1.000 (a) 1.000 (a) 1.000 (a)
Yes 4 (30.8%) 9 (34.6%) 8 (30.8%)
No 9 (69.2%) 17 (65.4%) 18 (69.2%)
August
 2021 | Volume
(a) Fisher’s exact test, (b) Student’s t-test, (c) Mann–Whitney U test.
PA, primary aldosteronism; BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; HDL, high-density lipoprotein; LDL, low-density lipoprotein; DM,
diabetes mellitus.
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angiotensin receptor blockers, alpha-blockers, beta-blockers,
calcium channel blockers, diuretics, and mineralocorticoid
receptor antagonists, where only one PA patient used
spironolactone. The aldosterone–renin ratio of PA patients was
much higher than that of primary hypertension patients (426.2
vs. 6.1, p < 0.001).

Diversity of the Gut Microbiota in Healthy
Controls, Primary Hypertension Patients,
and PA Patients
Healthy controls and primary hypertension patients had a higher
Shannon index and a lower Simpson index than PA patients
(p < 0.001). This result indicated that the within-sample alpha
diversity level of the gut microbiota of PA patients was lower
than that of healthy controls and primary hypertension patients
(Figures 1A, B and Supplementary Table 1). The rarefaction
curves reached the saturation plateau, and the coverage index
ranged from 0.9975 to 0.9998, which indicated that the
sequencing depth for the Sobs index was sufficient (Figure 1C).
Frontiers in Endocrinology | www.frontiersin.org 4128
PCoA by Bray–Curtis distance revealed an asymmetrical
distribution of gut microbiota composition between the
control, hypertension, and PA groups (Figure 1D). The
ANOSIM test (R = 0.599, p = 0.001) and PERMANOVA test
(R2 = 0.093, p = 0.001) both verified that there were significant
differences in bacterial composition between the three groups.

Taxonomic Analysis of Microbiota
Composition Between Healthy
Controls, Primary Hypertension
Patients, and PA Patients
At the phylum level (Figure 2A), Firmicutes (mean relative
abundance, 62.4%) was the most abundant bacteria in all
analyzed samples, followed by Bacteroidota (22.9%),
Proteobacteria (6.7%), and Actinobacteria (4.7%). The
Firmicutes/Bacteroidetes ratio of the gut microbiota was higher
in healthy controls (3.23) than in primary hypertension patients
(2.45) and PA patients (2.48). At the genus level (Figure 2B),
Bacteroides was the most common genus, whose percentage in
A B

C D

FIGURE 1 | Diversity of the gut microbiota in primary aldosteronism (PA) patients, primary hypertension patients, and healthy controls. (A) Shannon index and (B)
Simpson index of gut microbiota. (C) Rarefaction curves of all the samples in the three groups. The horizontal axis shows the number of sequences obtained by
sequencing the 16S rRNA gene. The vertical axis shows the number of genera. (D) PCoA of gut microbiota by Bray–Curtis distance. ***p < 0.001. n.s, not significant.
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the gut microbiota was much higher in PA patients (21.1%) than
in primary hypertension patients (12.9%, p = 0.043) and healthy
controls (11.8%, p = 0.032). The second most common genus was
Faecalibacterium, whose percentage in the gut microbiota was
higher in healthy controls (10.0%) than in primary hypertension
patients (4.6%, p = 0.011) and PA patients (7.3%, p = 0.038).

LEfSe analysis was used to determine the bacterial genera with
significant differences between healthy controls, primary
hypertension patients, and PA patients. Compared with PA
patients, there were 28 and 35 genera with significantly different
relative abundances in healthy controls and primary hypertension
patients, respectively (Figures 3A, B). For example, PA patients
had less Prevotella (p = 0.018), Blautia (p = 0.008), Lactobacillus
(p < 0.003), Coprococcus (p = 0.007), Eubacterium eligens group
(p = 0.004), Anaerostipes (p = 0.006), Ruminococcus torques
group (p < 0.032), and Enterococcus (p = 0.006) and more
Bacteroides (p = 0.032), Megamonas (p = 0.001), and Sutterella
(p = 0.001) than healthy controls. Similarly, the relative abundances
of Lactobacillus (p < 0.001), Prevotella (p < 0.001), Weissella
(p < 0.001), Lactococcus (p < 0.001), and Akkermansia
(p < 0.001) were higher in primary hypertension patients, while
those of Roseburia (p = 0.003), Streptococcus (p = 0.024),
Paraprevotella (p = 0.011), and Sutterella (p = 0.016) were
higher in PA patients. Genera with significant differences
between the control and hypertension groups are shown in
Supplementary Figure 1.

We performed a Bray–Curtis distance-based redundancy
analysis (dbRDA) to determine the additional effects of age,
BMI, and DM on the gut microbiota (Figure 4). The envfit
function test showed that age (p = 0.001), BMI (p = 0.001),
and DM (p = 0.001) were significant explanatory variables
(Supplementary Table 2).

To eliminate the possible confounding effects of DM and
BMI, we excluded participants with DM. BMI and blood glucose
were not significantly different between healthy controls, primary
hypertension patients, and PA patients after removing DM
patients (p > 0.05) (Supplementary Table 3). LEfSe analysis
Frontiers in Endocrinology | www.frontiersin.org 5129
revealed that the genera with significant differences between the
three groups were similar to those before deleting participants
with DM (Supplementary Figure 2). After deleting DM patients,
the relative abundance of Eubacterium (p = 0.017) was higher in
PA patients than in healthy controls. PA patients also had more
Bacteroides (p = 0.013), Phascolarctobacterium (p = 0.024),
Moryella (p = 0.009), and Eubacterium fissicatena group
(p = 0.036) than primary hypertension patients after deleting
DM patients.

Metabolic Function of Gut Microbiota
To evaluate the gene information of gut microbiota, metabolic
predictions were achieved using PICRUSt2. The relative
abundance of metabolic pathways between the three groups
was compared by the Wilcoxon rank sum test. The Benjamini–
Hochberg false discovery rate (FDR)-adjusted p-values were also
calculated. Compared with healthy controls, PA patients had
more lipopolysaccharide biosynthesis (FDR-adjusted p-
value = 0.017), galactose metabolism (FDR-adjusted p-
value = 0.001), pentose and glucuronate interconversions
(FDR-adjusted p-value = 0.004), amino sugar and nucleotide
sugar metabolism (FDR-adjusted p-value = 0.001), fructose and
mannose metabolism (FDR-adjusted p-value = 0.004), starch
and sucrose metabolism (FDR-adjusted p-value = 0.002), and
arginine and proline metabolism (FDR-adjusted p-value = 0.006)
(Supplementary Table 4). The relative abundance of tryptophan
metabolism (FDR-adjusted p-value = 0.010) was higher in primary
hypertension patients, while those of galactose metabolism (FDR-
adjusted p-value = 0.005), insulin resistance (FDR-adjusted
p-value = 0.001), starch and sucrose metabolism (FDR-adjusted
p-value = 0.003), amino sugar and nucleotide sugar metabolism
(FDR-adjusted p-value = 0.011), pentose and glucuronate
interconversions (FDR-adjusted p-value = 0.018), and insulin
signaling pathway (FDR-adjusted p-value = 0.041) were higher in
PA patients (Supplementary Table 5). Supplementary Table 6
shows the metabolic pathways with significant differences between
the control and hypertension groups.
A B

FIGURE 2 | Distribution of gut microbiota between primary aldosteronism (PA) patients, primary hypertension patients, and healthy controls. Relative abundances of
the major bacteria at the (A) phylum and (B) genus levels.
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A

B

FIGURE 3 | Differences in intestinal bacteria between primary aldosteronism (PA) patients, primary hypertension patients, and healthy controls. (A) Significantly
different genera between PA patients and healthy controls. Red bars are genera with higher relative abundances in healthy controls. Green bars are genera with
higher relative abundances in PA patients. (B) Significantly different genera between PA patients and primary hypertension patients. Red bars are genera with higher
relative abundances in primary hypertension patients. Green bars are genera with higher relative abundances in PA patients.
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Bacteria Distinguishing PA Patients From
Primary Hypertension Patients and
Healthy Controls
We used random forest algorithm to determine which bacteria
had key roles in distinguishing PA patients from healthy
controls. Figure 5A shows the top 30 genera with the greatest
importance, some of which were also screened out by LEfSe
analysis, such as Blautia, Anaerostipes, Megamonas, and
Lactobacillus. The area under the curve (AUC) of the receiver
operating characteristic curve was 0.8173 using the random
Frontiers in Endocrinology | www.frontiersin.org 7131
forest model in combination with leave-one-out cross-
validation. Similarly, Figure 5B presents the top 30 genera
with the greatest importance in distinguishing PA patients
from primary hypertension patients. The following genera
were also detected in the LEfSe analysis: Pseudomonas,
Enterococcus, Akkermansia, Weissella, and Pediococcus. The
AUC of the receiver operating characteristic curve was 0.9231.

Association Between Clinical
Characteristics and Gut Microbiota
Heatmap analysis (Figure 6A) showed that the bacteria with
lower relative abundances in the PA group than in the
hypertension group were positively correlated with blood
potassium and negatively correlated with SBP and DBP. We
specifically drew scatter plot graphs of genera with high
percentages in the gut microbiota (Figures 6B–D). Blood
potassium was negatively correlated with the relative
abundance of Romboutsia (R = −0.364, q = 0.023). In addition,
DBP was positively correlated with Romboutsia (R = 0.386,
q = 0.015). SBP was negatively correlated with Blautia
(R = −0.349, q = 0.030).
DISCUSSION

This study is the first to demonstrate the characteristics of the gut
microbiota in PA patients. The gut microbiota has been reported
to be associated with metabolic diseases, such as DM and obesity
(6, 7). DM and obesity are more common in PA patients than in
healthy people or primary hypertension patients (2, 3). Our
study showed that DM was more common in PA patients than in
healthy controls. The BMI of PA patients was higher than that of
healthy controls. In addition, the composition of the gut
FIGURE 4 | Bray–Curtis distance-based redundancy analysis (dbRDA) of the
gut microbiota and explanatory factors in primary aldosteronism (PA) patients,
primary hypertension patients, and healthy controls.
A B

FIGURE 5 | The top 30 genera with great importance in distinguishing primary aldosteronism (PA) patients from (A) healthy controls and (B) primary hypertension patients.
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microbiota and its metabolic pathways of PA patients were also
significantly different from those of healthy controls and primary
hypertension patients.

We hypothesized that PA may contribute to the development
of DM and obesity via gut microbiota. On the one hand, the
alpha diversity of the gut microbiota in PA patients was lower
than that in primary hypertension patients and healthy controls,
which meant that the richness of the gut microbiota of PA
patients was disturbed. Folz et al. reported that high-sodium and
low-potassium intake could interact with gut microbiota to affect
endocrine homeostasis (15). No study has clearly demonstrated
the relationship between aldosterone and gut microbiota. It was
reasonable to assume that PA is responsible for the changes in
Frontiers in Endocrinology | www.frontiersin.org 8132
gut microbiota. On the other hand, the gut microbiota also affects
DM and obesity by regulating inflammation, gut permeability,
glucose metabolism, fatty acid oxidation, synthesis and energy
expenditure, and the interaction of gut bacteria (6). The richness
of gut microbiota in metabolic disease patients decreased (16).
The Firmicutes/Bacteroidetes ratio was reported to be lower in
individuals with obesity (17).

We found that the relative abundances of Prevotella,
Blautia, Coprococcus, Anaerostipes, and Ruminococcus were
lower in the gut microbiota of PA patients than in healthy
controls and primary hypertension patients. All these bacteria
could produce SCFAs (18–21). SCFAs, the energy sources of
enterocytes, could maintain the intestinal epithelial barrier
A B

C

D

FIGURE 6 | Spearman correlation analysis of different bacteria [primary aldosteronism (PA) patients vs. primary hypertension patients] and clinical characteristics.
(A) Heatmap showing the correlation between different bacteria and clinical characteristics. (B) Scatter plot graphs showing the correlation between blood potassium
and Romboutsia. (C) Scatter plot graphs showing the correlation between diastolic blood pressure (DBP) and Romboutsia. (D) Scatter plot graphs showing the
correlation between systolic blood pressure (SBP) and Blautia.
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and decrease the permeability of the gut, circulating
lipopolysaccharides, and systemic inflammation. SCFAs
could also reduce inflammation via GPR41/43 (22, 23). In
addition, Lactobacillus was more abundant in the gut
microbiota of healthy controls and primary hypertension
patients than in PA patients. Several studies have already
demonstrated that the administration of Lactobacillus could
alleviate hyperglycemia in diabetic rats (6, 24, 25). We also
found that Lactococcus and Enterococcus were present in lower
abundances in PA patients. Lilia et al. reported that
consumption of fermented milk with Lactococcus lactis had a
blood pressure-lowering effect on prehypertensive subjects
(26). Anne et al. found that vertical sleeve gastrectomy
reduced body mass and blood pressure and increased the
relative abundance of Enterococcus in the gut microbiota of
mice (27). In contrast, PA patients had more Megamonas,
Sutterella, and Streptococcus than healthy controls and primary
hypertension patients, genera that are associated with
inflammation (28–30). Weissella and Akkermansia, which
were present in lower abundances in PA patients than in
primary hypertension patients, were shown to have anti-
inflammatory potential (31, 32). PA patients had a higher
relative abundance of lipopolysaccharide biosynthesis in the
gut microbiota than healthy controls. Lipopolysaccharides are
bacterial surface glycolipids produced by gram-negative
bacteria, which can induce inflammatory reactions (33). It
was reported that inflammatory factors could alter glucose
tolerance and insulin sensitivity (34). Individuals with obesity
had more Megamonas (7). Compared with healthy controls
and primary hypertension patients, PA patients had more
pathways participating in sugar metabolism, such as starch
and sucrose metabolism, fructose and mannose metabolism,
amino sugar and nucleotide sugar metabolism, pentose
and glucuronate interconversions, arginine and proline
metabolism, and galactose metabolism. These factors may
result in more glucose in the gut and absorption into the
blood. In addition, some amino acid metabolism pathways
were also significantly different between the PA and hypertension
groups. For example, tryptophan metabolism was lower in PA
patients. Tryptophan metabolism could produce some
metabolites, such as indole-3-ethanol, indole-3-pyruvate, and
indole-3-aldehyde, which are essential in maintaining intestinal
barrier function (35). This evidence indicated that PA-associated
dysbiosis of gut microbiota in SCFAs, sugar and amino
acid metabolism, and inflammation were associated with
metabolic disorders.

Previous studies regarded hypokalemia as a risk factor for
DM. They thought that hypokalemia may decrease insulin
secretion and induce insulin resistance, followed by dysbiosis
of glucose metabolism (36). We found that Romboutisa and
Bacteroides were more abundant in PA patients than in primary
hypertension patients. Romboutisa was also negatively
correlated with blood potassium. Some studies found that
Romboutsia was positively associated with obesity and lipid
metabolism (37, 38). Bacteroides was also found to be increased
after the higher-fat diet intervention (39) and to be more
Frontiers in Endocrinology | www.frontiersin.org 9133
abundant in patients with DM among the Chinese population
(40). This evidence indicated that gut microbiota may also
play an important role in hypokalemia-related disorders of
lipid and glucose metabolism, a possibility that needs
further exploration.

Our study first revealed the characteristics of the gut
microbiota of PA patients and identified some bacteria and
metabolic pathways that may be associated with DM and
obesity. We believe that the knowledge gained from this study
will be important in shaping the framework and platform for
broader research on the gut microbiota of PA patients in
the future.

The study showed that there was a significant difference in the
mean age between PA patients and primary hypertension
patients. Several studies have revealed that age is a factor
influencing the gut microbiota (41–44). As people age, key
changes in gut microbiota include compositional instability,
reduced overall diversity, and an increase in proinflammatory
opportunistic pathogens. In infants, Bifidobacterium is the most
dominant genus in the gut microbiota. Biagi et al. examined the
fecal microbiome of young adults (22–48 years old), elderly
adults (65–75 years old), and semisupercentenarians (105–
109 years old) in an Italian population (45). They found that
the fecal microbiota in all age groups was dominated by just three
families, including Bacteroidaceae, Lachnospiraceae, and
Ruminococcaceae. However, the relative abundance of bacteria
belonging to these families decreased with age. An independent
study of Chinese centenarians reported similar results (46). In
addition, they both found that longevity increased microbial
community richness and the abundance of subdominant but
health-related bacterial genera and families, such as Oscillospira,
Christensenellaceae, Akkermansia, and Bifidobacterium. The
diversity of gut microbiota continues to increase until the age
of 3 years, remains stable afterwards, and then declines during
senescence (44). The gut microbiota of elderly people is reduced
in beneficial microbes, such as SCFA producers, and enriched in
proinflammatory microbes (42, 44).

This study had some limitations. First, almost all PA
and primary hypertension patients had received different
antihypertensive medications before recruitment. It was
unclear whether these drugs affected the composition and
metabolism of gut microbiota. Second, the effects of some
factors on the gut microbiota could not be ignored, such as
DM, aging, use of antihypertensive drugs, and salt intake (47).
Third, the sample size of the study was relatively small and some
characteristics were heterogeneous between groups, which may
contribute to biases. Further case–control studies should have
larger sample sizes; match factors that will potentially affect gut
microbiota, such as age and dietary habits; and measure the 24-h
urinary electrolytes to investigate the role of gut microbiota in
metabolic disorders in primary aldosteronism patients and
reduce analysis bias.

In conclusion, the alteration of gut microbiota in PA patients,
especially bacteria and pathways involved in inflammation,
SCFAs, and sugar metabolism, may be associated with chronic
metabolic disorders.
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Introduction: Previous studies on the surgical outcomes of aldosterone-producing
adenoma (APA) patients were mainly based on the histopathological diagnosis of HE
staining or adrenal venous sampling (AVS) instead of the functional pathology. The aim of
the present study was to evaluate the surgical outcomes of APA patients based on the
functional pathological diagnosis of APA according to HISTALDO (histopathology of
primary aldosteronism) consensus.

Methods: Clinical data of 137 patients with suspected APA were analyzed
retrospectively. All patients had hypertension and spontaneous hypokalemia. In all
patients, CT showed a unilateral solitary hypodense adrenal lesion, and a contralateral
adrenal gland of normal morphology. Tumors were removed and immunostained for
CYP11B2, and their pathology were identified based on HISTALDO consensus. Patients
were followed up 6 to 24 months after operation.

Results: Among 137 cases of presumptive APA diagnosed by CT, 130 (95%) cases were
pathologically diagnosed with classical pathology, including 123 APA(90%) and 7
aldosterone-producing nodule (APN) (5%). 7 cases (5%) had non-functioning adenoma
(NFA) with aldosterone-producing micronodule (APM) or multiple aldosterone-producing
micronodule (MAPM) in the surrounding adrenal tissue. In all 137 patients, hypertension
was complete or partial clinical success postoperatively. Complete clinical success was
achieved in 73 (53%), and partial clinical success was achieved in 64 (47%) cases. Serum
potassium level recovered to normal in all. In 123 patients with APA, complete clinical
success was reached in 67 (54%), and partial clinical success was reached in 56 (46%)
cases. Gender, duration of hypertension and the highest SBP were significant
independent predictors for cure of APA after surgery. A multiple logistic regression
n.org September 2021 | Volume 12 | Article 6630961136
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model integrating the three predictors was constructed to predict the outcome, which
achieved a sensitivity of 72.4% and a specificity of 73.1%.

Conclusion: The specificity of CT in the diagnosis of APA and APN patients with
hypokalemia was 95%. All patients achieved complete or partial clinical success after
surgery. Gender, duration of hypertension and the highest SBP were independent
predictors for the postoperative cure of APA.
Keywords: aldosterone-producing adenoma (APA), computed tomography, hypokalemia, surgical outcomes,
CYP11B2 (aldosterone synthase), immunohistochemistry (IHC)
INTRODUCTION

Primary aldosteronism (PA) is a common cause of secondary
hypertension, with its prevalence standing at about 5-19% (1).
PA can be categorized into two major subtypes: unilateral
aldosterone-producing adenoma (APA), accounting for about
30%, and bilateral adrenal hyperplasia (BAH), making up about
60% of all PA patients (2). Other less common types are unilateral
adrenal hyperplasia (UAH), familial hyperaldosteronism,
adrenocortical carcinoma, ectopic tumor, etc. PA can be divided
into unilateral lesions and bilateral lesions according to the diseased
side. Unilateral lesions are mostly seen in unilateral APA and UAH,
and bilateral ones in BAH. Unilateral adrenalectomy can cure
unilateral disease, whereas pharmacotherapy is the main strategy
for bilateral disease (3). Therefore, it is important to distinguish
unilateral from bilateral PA.

Adrenal vein sampling (AVS) is at present deemed as the gold
standard for the classification of PA. The sensitivity and
specificity of AVS for detecting unilateral aldosterone excess
are 95% and 100% respectively (3, 4). However, AVS is invasive
and brings radiation exposure to patients. In addition, although
AVS can distinguish between unilateral and bilateral disease,
unilateral aldosterone hypersecretion is not necessarily APA.
Unilateral single or multiple APA, UAH and asymmetric BAH
all can present lateralized aldosterone secretion on AVS (5–7). In
contrast, adrenal computed tomography (CT) is simple and
noninvasive, and can directly show adrenal lesions. However,
CT may misdiagnose nonfunctional adenoma (NFA) as APA or
miss small APA. The sensitivity and specificity of CT for the
diagnosis of unilateral disease, with AVS as gold standard, were
78% and 75%, respectively (3, 4, 8, 9).

Histopathology with hematoxylin and eosin (HE) staining
cannot distinguish NFA from APA. In 2014, a mouse
monoclonal antibody against aldosterone synthase (CYP11B2)
was established, which made it possible to study the function of
adrenal adenoma (10). In 2021,HISTALDO (histopathology of
primary aldosteronism) consensus for unilateral PA, based on
HE staining and CYP11B2 immunohistochemistry (IHC), had
been achieved (11).

Previous studies on the surgical outcome of APA patients
were mainly based on the histopathology of HE staining or AVS
(7, 12–14). NFA could be misdiagnosed as APA by HE staining,
while lateralization on AVS, indicative of APA, could not exclude
n.org 2137
UAH or BAH with lateralization. In both cases, the surgical
remission rate of APA might well be underestimated.

The aim of the present study was to evaluate the surgical
outcome of APA patients based on functional pathological
diagnosis of APA according to HISTALDO consensus.
METHODS AND MATERIALS

Patients
We studied 137 patients with PA who underwent tumor
resection at Peking Union Medical College Hospital between
2016 and 2019. All patients had clinical hypertension and
spontaneous hypokalemia. Hypokalemia was defined as serum
potassium level lower than 3.5 mmol/L according to its normal
range in our hospital, which is also widely accepted cut-off. In all
patients, there was no history of gastrointestinal potassium loss
such as diarrhea and vomiting, and no history of use of thiazides
and loop diuretics or liquorice. All had both CT imaging and
histopathology. In all the patients, their plasma renin activity
(PRA) was <1 ng/ml/h, plasma aldosterone concentration (PAC)
>12 ng/dl (measured by radioimmunoassay), and ALD to PRA
ratio (ARR)>30. Fifth-three patients had a PAC over 20 ng/dl
plus PRA below detection levels, and were diagnosed as PA
according to PA guideline (15). These patients did not need
further confirmatory testing. In the other 84 patients, 45 patients
were confirmed to be PA by Captopril suppression test, and 39
patients did not undergo confirmatory testing. These 39 patients
were suspected as PA preoperatively and were confirmed by
histopathology. Cushing syndrome was excluded in all the
patients by measuring plasma adrenocorticotropic hormone
(ACTH) level, serum cortisol level, and urinary free
cortisol excretion.

The following scan parameters of CT were used: 120 kVp;
variable tube current with automatic tube current modulation
activated; collimation =128*0.6 mm; rotation time=0.28 s; filter
kernel=B30f (medium smooth); pitch=0.9; reconstructed slice
thickness and intervals=3 mm. Theoretically, a tumor with size
larger than 3 mm could be detected on CT scan. A tumor with size
larger than 6 mm, which can be found in at least two slices,
definitely can not be missed. Diagnostic criteria of APA on
adrenal CT scan was that it showed a unilateral solitary
September 2021 | Volume 12 | Article 663096
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hypodense adrenal lesion with a CT value no higher than 20 which
was consistent with the radiological feature of cortical adenoma, and
a contralateral adrenal gland of normal morphology.

Written informed consent was obtained from each patient,
and the study was approved by the Ethics Committee on Human
Research of Peking Union Medical College Hospital, Beijing,
China. Standard biosecurity and institutional safety procedures
were adhered in the study.

Retrospectively studied were clinical data of the patients,
including blood pressure and serum potassium, duration of
hypertension, family history, history of diabetes and
cardiovascular diseases, and laboratory results involving serum
potassium, PAC, PRA, and imaging and pathological
characteristics of the tumors.

Patients were followed up 6 to 24 months after operation.
Blood pressure (including office and home blood pressure),
serum potassium, antihypertensive medication and potassium
supplementation were recorded. Complete clinical success and
partial clinical success were defined according to PASO (16).
Cure of hypokalemia was defined as serum potassium level over
3.5mmol/L without potassium supplementation.

Immunohistochemistry and Pathological
Classification
IHC of aldosterone synthase CYP11B2 was performed in tumor
tissues, by using EnVision detection kit (Dako). Dilution of the
monoclonal antibody against CYP11B2 was 1:200. The mouse
monoclonal CYP11B2 antibody was kindly provided by Dr Celso
E. Gomez-Sanchez (Department of Medicine, University of
Mississippi Medical Center, Jackson, Mississippi).Adrenal
cortical lesions were classified based on HE staining and
CYP11B 2 immunostaining according to HISTALDO
consensus. The histopathologic results were independently
reviewed by two experienced pathologists.
Frontiers in Endocrinology | www.frontiersin.org 3138
Statistical Analysis
All values were described as mean ± standard deviation or
median (the 25th and 75th percentiles) for continuous
variables with or without normal distribution, respectively.
Student’s t-test of two independent samples was used for the
data of normal distribution, and the Mann-Whitney test of two
independent samples was used for the data of non-normal
distribution. Chi-square test was employed for evaluating the
association between two categorical variables. Binary logistic
regression analysis was utilized to identify predictors of
outcome of APA after surgery. The receiver operating
characteristic (ROC) curve was used to assess the efficacy of
each method and to establish a prediction model. Hosmer–
Lemeshow test was performed to assess the goodness of fit of
the logistic model. All the aforementioned statistical analyses
were carried out by using SPSS 23 software package. Madcalc
software was used to compare the areas under the ROC curve
(AUC) between two groups. A P< 0.05 was considered
statistically significant.
RESULTS

Specificity of Adrenal CT Imaging
in APA Diagnosis
Among 137 cases of presumptive APA diagnosed by CT, 130
(95%) cases were pathologically diagnosed with classical PA,
including 123 APA(90%) and 7 aldosterone-producing nodule
(APN)(5%). 7 cases (5%) had non-functioning adenoma (NFA)
with aldosterone-producing micronodule(APM) or multiple
aldosterone-producing micronodule(MAPM) in the
surrounding adrenal tissue, which attributed to nonclassical
PA. Therefore, the specificity of CT imaging in the diagnosis of
classical PA was 95% (Figure 1).
FIGURE 1 | The procedure about preoperative diagnosis of APA, histopathology diagnosis and clinical outcomes. APA, aldosterone producing adenoma; APN,
aldosterone-producing nodule; NFA, non-functional adenoma; APM, aldosterone-producing micronodule; MAPM, Multiple aldosterone-producing micronodules.
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Clinical Characteristics of PA
The clinical characteristics of 123 cases of APA, 7 cases of APN
and 7 cases of nonclassical PA (NFA combined with AMP or
MAPM) were compared. Duration of hypertension was different
in the three groups. Nonclassical patients had the longest course
of hypertension, followed by APA patients, and APN patients
had the shortest duration. Compared with nonclassical patients,
APA patients had a higher PAC and a lower LDL level. Blood
pressure and serum potassium level did not show any difference
among the three groups (Table 1). NFA patients were between
34 and 72 years old, and APA patients were between 21 and 69
years old. 34 years old was the cutoff to distinguish APA with
100% specificity.

Surgical Outcomes
All 137 patients achieved complete or partial clinical success
postoperatively. Seventy-three cases (53%) achieved complete
clinical success, and 64 cases (47%) achieved partial clinical
success. Serum potassium level recovered to normal in all. In
APA patients, complete clinical success was achieved in 67 cases
(54%),and partial clinical success in 56 cases (46%), while in
APN patients and nonclassical PA patients, only 43% patients
reached complete clinical success (Figure 1 and Table 1).

Factors Affecting Surgical Outcomes and
the Prediction Model
In 130 classical patients (including APA and APN), 70 patients
had complete clinical success, and 60 patients had partial clinical
Frontiers in Endocrinology | www.frontiersin.org 4139
success. 38 out of the 60 patients (63%) still needed
antihypertensive medication. Compared to those with
postoperative hypertension, postoperative normotensive
patients had a shorter duration of hypertension, a lower
maximal SBP and maximal DBP, a lower computed
tomography (CT) value, and a tendency of higher proportion
of females (Table 2 and Figure 2).

Binary logistic regression analysis revealed that gender,
duration of hypertension and the highest SBP were
significant independent predictors for the postoperative cure
of APA (Table 3). A multiple logistic regression model
integrating these three predictors was constructed to predict
the outcome. AUC of the multiple logistic regression
prediction model (0.762) was significantly higher than that
of gender, duration of hypertension and the highest SBP alone
(P<0.05). The prediction model had a sensitivity of 72.4% and
a specificity of 73.1%, and the positive predictive value was
70% and the negative predictive value was 75% (AUC = 0.762;
95% confidence interval = 0.678–0.846) (Figure 3 and
Supplement 1).The Hosmer-Lemeshow test indicated that
the model fits the data well (P>0.1).
DISCUSSION

In our cohort, based on pathological diagnosis of APA (11), the
specificity of CT imaging for APA diagnosis was up to 90%.
Although 10% of the patients were preoperatively suspected of
TABLE 1 | Clinical characteristics of patients with aldosterone-producing adenoma, aldosterone-producing nodule and non-functioning adenoma.

Variable APA (N = 123) APN (N = 7) NFA with APM or MAPM (N = 7)

Age (years) 45 ± 10&& 47 ± 7 57 ± 14
Gender (M/F) 54/69 3/4 2/5
Duration of hypertension (months) 60 (24,120)*& 12 (6,32)## 126 (72,180)
Duration of hypokalemia (months) 6 (3,24) 6 (5,67) 19 (1,36)
Preoperatively
The highest SBP (mmHg) 182 ± 23 189 ± 27 179 ± 21
The highest DBP (mmHg) 112 ± 13 108 ± 17 106 ± 10
Serum potassium (mmol/L) 2.5 ± 0.5 2.9 ± 0.3 2.8 ± 0.5
PRA (ng/ml/h) 0.01 (0.01,0.03) 0.01 (0.01,0.01) 0.02 (0.01,0.02)
PAC (ng/dl) 20.3 ± 7.0& 15.4 ± 3.6 14.4 ± 2.8
LDL (mmol/L) 2.59 ± 0.69&& 2.57 ± 0.71# 3.51 ± 0.65
Family history of hypertension 22% (27/122) 0% (0/7) 0% (0/7)
Diabetes 10% (12/120) 0% (0/7) 29% (2/7)
Smoker 16% (20/122) 29% (2/7) 29% (2/7)
Cardiac complications 34% (34/99) 25% (1/4) 33% (2/6)
Renal complication 0% (0/123) 0% (0/7) 0% (0/7)
Tumor size (mm) 17 (13,22)** 8 (7,9)## 23 (15,23)
Tumor location (Left/Right) 67/56& 5/2 7/0
CTvalue (HU) 2.0 (-5.0,7.3) 5.2 (-9.2,12.4) 3.3 (-5.2,5.1)
Postoperatively
SBP (mmHg) 128 ± 12& 130 ± 10 140 ± 29
DBP (mmHg) 84 ± 8 83 ± 6 86 ± 12
Serum potassium (mmol/L) 4.2 ± 0.4 4.1 ± 0.3 4.0 ± 0.1
Cure of hypertension 54% (67/123) 43% (3/7) 43% (3/7)
Antihypertensive medications 28% (34/123) 57% (4/7) 57% (4/7)
Potassium supplementation 0% (0/123) 0% (0/7) 0% (0/7)
September 2
*P < 0.05 **P < 0.01 APA vs.APN; #P < 0.05 ##P < 0.01 APN vs. NFA; &P < 0.05 &&P < 0.01 APA vs. NFA.
APA, aldosterone-producing adenoma; APN, aldosterone-producing nodule; NFA, non-functioning adenoma; MAPM, multiple aldosterone-producing micronodule; APM, aldosterone-
producing micronodule; PRA, plasma renin activity; PAC, plasma aldosterone concentration.
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FIGURE 2 | (A) Cure rate of hypertension in the group with hypertension during less than 5 years, more than 5 years and 10 years (68% vs. 45% vs 42%); (B) Cure
rate of hypertension in the group with SBP<160 mmHg group, 160 mmHg≤SBP<180 mmHg group and SBP≥180 mmHg group (87% vs. 63% vs 44%); (C) Cure
rate of hypertension in the group with DBP<100mmHg group, 100mmHg≤DBP < 120mmHg group and DBP≥120mmHg group(90% vs. 62% vs. 46%).
TABLE 2 | Comparison of clinical characteristics between 130 patients with classical histopathologic findings with complete and partial clinical success.

Variable Complete (N = 70) Partial (N = 60) P value

Age (years) 44 ± 10 46 ± 10 0.195
Gender (M/F) 26/44 31/29 0.096
Duration of hypertension (months) 48 (11,120) 72 (39,120) 0.005
Duration of hypokalemia (months) 6 (3,22) 9 (4,24) 0.153
Preoperatively
The highest SBP (mmHg) 174 ± 18 192 ± 26 <0.001
The highest DBP (mmHg) 107 ± 10 117 ± 15 <0.001
Serum potassium (mmol/L) 2.5 ± 0.5 2.5 ± 0.5 0.915
PRA (ng/ml/h) 0.01 (0.01,0.01) 0.01 (0.01,0.06) 0.446
PAC (ng/dl) 19.7 ± 7.0 20.5 ± 6.9 0.535
LDL (mmol/L) 2.62 ± 0.70 2.55 ± 0.68 0.600
Family history of hypertension 24% (17/70) 17% (10/59) 0.330
Diabetes 4% (3/68) 15% (9/59) 0.103
Smoker 13% (9/70) 22% (13/59) 0.214
Cardiac complications 32% (18/56) 36% (17/47) 0.887
Renal complication 0% (0/70) 0% (0/60) ——

Tumor size (mm) 15.0 (12.3,20.0) 16.5 (13.0,21.5) 0.780
Tumor location (Left/Right) 35/35 37/23 0.182
CTvalue (HU) 2.0 (-5.5,5.0) 5.0 (-4.7,8.8) 0.041
Postoperatively
SBP (mmHg) 122 ± 9 136 ± 11 <0.001
DBP (mmHg) 79 ± 5 89 ± 7 <0.001
Serum potassium (mmol/L) 4.3 ± 0.4 4.2 ± 0.3 0.045
Antihypertensive medications 0% (0/70) 63% (38/60) <0.001
Potassium supplementation 0% (0/70) 0% (0/60) ——
Frontiers in Endocrinology | www.frontiersin.org
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APA by CT, and finally diagnosed as APN and NFA based on
their pathological characteristics, the blood pressure of all
patients in our cohort was relieved, and the cure rate of
hypokalemia was 100%. Since all patients in our cohort
clinically benefited from the operation, for the PA patients
with hypokalemia, if CT reveals a solitary, hypodense adenoma
and normal contralateral adrenal morphology, AVS may not be
necessary, and surgery can be performed directly. Recently,
Burrello et al. proposed the SPACE(Subtyping Primary
Aldosteronism by Clinical Evaluation) score for determination
of patients that can avoid AVS before surgery. They suggested
that patients with a score greater than 16 points can avoid AVS
(17). In our study, 117 (85%) patients have a SPACE score
greater than 16 points. In fact, a patient with a solitary nodule
greater than 1 cm, hypokalemia and normal contralateral adrenal
gland should have 16.5 points of SPACE. In our study, patients
with NFA with APM or MAPM achieved complete or partial
clinical success after adrenalectomy. They would appear to have
been not inappropriately treated by unilateral adrenalectomy.
Even if the remaining adrenal also has nodules, it may be easier
to treat with mineral corticoid receptor antagonists.

In our study, patients with NFA had a longer duration of
hypertension than those with APA and APN. They probably had
relatively mild symptoms and progress slowly, thus leading to the
delay of diagnosis. Patients with APA had a longer duration than
those with APN. We speculate that APN may be the precursor of
APA, because both APA and APN were dominated by KCNJ5
mutation (unpublished data).
Frontiers in Endocrinology | www.frontiersin.org 6141
In previous studies, surgical outcomes of APA patients were
mainly based on the histopathology of HE staining or AVS
instead of functional pathology (7, 12–14, 18, 19). A study from
Mayo Clinic observed the outcome of unilateral adrenalectomy
in 263 patients with presumptive unilateral disease diagnosed by
imaging and AVS. Hypertension was cured in 53patients
(41.7%). Whereas 59 patients (46.5%) showed hypertension
improvement (12). Recently, CYP11B2 IHC was widely used in
studies to examine the functional morphology of normal and
pathological adrenals (11, 20) and occasionally in subtyping and
outcome prediction in PA (21, 22). Volpe C. et al. examined the
clinical outcomes of APA with definite functional, IHC features.
In this study, all but one patient (93/94) with APA were
biochemically cured after adrenalectomy. Forty-six percent of
the APA patients arrived at a complete clinical cure (23). In our
study, hypertension was cured in 54% and improved in 46% of
the APA patients who were identified based on the new
pathological consensus (11).

In our study, the predictive factors of postoperative clinical
cure of patients included female gender, shorter duration of
hypertension and lower level of blood pressure. Citton et al. also
found that female gender, a fewer number of antihypertensive
drugs, and a shorter duration of hypertension were the main
predictors of hypertension cure (18). In addition, the present
study developed a model, integrating multiple predictors to
predict the prognosis of surgery, which is easy to use and is
more accurate than single clinical parameter for the prediction of
surgical outcomes.
FIGURE 3 | ROC curve in patients by adding variables as gender,duration of hypertension and the highest SBP.
TABLE 3 | Estimates of parameters of logistic regression model for complete clinical success of patients with classical histopathologic findings.

Variables Coefficient SE Wald P-value OR (95% CI)

Gender 1.137 0.435 6.828 0.009 3.118 (1.329 to 7.31)
Duration of hypertension (month) 0.006 0.003 4.916 0.027 1.006 (1.001 to 1.01)
The highest SBP (mmHg) 0.042 0.011 14.714 0.000 1.043 (1.021 to 1.066)
Constant -8.909 2.104 17.924 0.000 0.000
S
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Strengths and Limitations of the Study
The strength of our study lies in that it employed the diagnostic
criteria of APA according to HISTALDO consensus, which are
superior to pathological examination with only HE staining or
AVS alone. Diagnosis by only HE staining cannot exclude NFA,
and AVS cannot rule out adrenal nodular hyperplasia with
lateralization. In addition, our results support the feasibility to
skip AVS in patients with hypokalemic PA, which may simplify
the diagnostic procedures and bring benefits to patients.

However, our study had some limitations: (1) Because
postoperative data on ALD and PRA were not available in most
patients, only clinical parameters were used in the outcome
evaluation. Furthermore, lack of AVS for PA classification is
another issue. (2) The present paper focused only on the patients
with hypokalemia, the severe kind of PA. The PA patients with
normokalemia or APA without typical features on CT were
excluded, though these patients account for a certain
proportion in daily practice. Therefore, our conclusion may not
be extrapolated to all PA patients. It is speculated that there will be
larger proportion of nodular hyperplasia and NFA in the patients
without hypokalemia. (3) The limited number of APN and APM
or MAMP is statistically relevant for the comparison. And the
limited number of APN is likely due to the fact that indication for
surgery was made on the basis of CT alone, and not AVS.(4) The
prediction model for clinical outcomes established in our study
needs to be verified by a validation cohort.
CONCLUSION

The specificity of CT for the diagnosis of classical PA (APA and
APN) with hypokalemia based on functional pathology was 95%.
Practically all patients achieved complete or partial clinical success
after operation. Gender, duration of hypertension and the highest
SBP were independent predictors for the postoperative cure of APA.
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