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Abstract
Context: The association between primary aldosteronism and obesity, especially its sex difference, remains unknown.
Objective: To assess the association for each subtype of primary aldosteronism with obesity parameters including visceral adipose tissue and 
differences between sexes.
Methods: In this case-control study, 4 normotensive controls were selected for each case with primary aldosteronism. Multivariable conditional 
logistic regression models were used to estimate the association between each type of primary aldosteronism and obesity indicators. We used 
a random forest to identify which visceral or subcutaneous tissue areas had a closer association with disease status.
Results: The study subjects included 42 aldosterone-producing adenoma cases (22 women) and 68 idiopathic hyperaldosteronism cases (42 
women). In multivariable conditional logistic regressions, aldosterone-producing adenoma was significantly associated with body mass index 
only in men (odds ratio [OR] [95% CI)], 4.62 [1.98-10.80] per 2.89 kg/m2) but not in women (OR [95% CI], 1.09 [0.69-1.72] per 3.93 kg/m2) com-
pared with the matched controls, whereas idiopathic hyperaldosteronism was associated with body mass index in both men (OR [95% CI], 3.96 
[2.03-7.73] per 3.75 kg/m2) and women (OR [95% CI], 2.65 [1.77-3.96] per 3.85 kg/m2) compared with the matched controls. In random forests, 
visceral adipose tissue areas were the better predictor of both aldosterone-producing adenoma and idiopathic hyperaldosteronism than sub-
cutaneous adipose tissue.
Conclusions: Aldosterone-producing adenoma cases were obese among men, but not among women. Idiopathic hyperaldosteronism cases 
were obese among both men and women. Visceral adipose tissue may contribute to the pathophysiology of primary aldosteronism.
Key Words: aldosterone-producing adenoma, idiopathic hyperaldosteronism, obesity, primary aldosteronism, sex difference, visceral adipose tissue.
Abbreviations: APA, aldosterone-producing adenoma; ARR, plasma aldosterone to plasma renin activity ratio; AUC, area under the curve; BMI, body mass 
index; CT, computed tomography; HDL, high-density lipoprotein; IHA, idiopathic hyperaldosteronism; IQR, interquartile range; PA, primary aldosteronism; PAC, 
plasma aldosterone; PRA, plasma renin activity; SAT, subcutaneous adipose tissue; VAT, visceral adipose tissue

Primary aldosteronism (PA) is the most frequent form of sec-
ondary hypertension, with a prevalence of 5% to 15% in all 
hypertensive patients [1, 2]. The 2 predominant causes of PA 
are aldosterone-producing adenoma (APA) and idiopathic 
hyperaldosteronism (IHA) [3, 4]. Patients with PA have a 
higher prevalence of cardiovascular events and mortality than 
patients with essential hypertension [4-7]. Primary aldoster-
onism is a major public health issue given the increase in its 

prevalence [8]. There is therefore a pressing unmet need to 
identify the mechanisms of PA to drive preventative initiatives 
and improve health outcomes.

Although the increase in its prevalence is most likely a 
reflection of active screening and surveillance of at-risk 
patients, other environmental factors such as the substan-
tial increase in the prevalence of obesity could be related 
to its development [9, 10]. A prior study suggested that the 
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prevalence of obesity was significantly higher in patients 
with IHA than in patients with essential hypertension [11]. 
However, other studies found no significant association be-
tween PA and obesity [12-14]. These studies used subjects 
with essential hypertension, which is also significantly asso-
ciated with obesity, as controls. This could mask the associ-
ation between PA and obesity [15]. Therefore, it is necessary 
to compare PA cases with normotensive controls who have 
standard obesity parameters to determine whether PA is as-
sociated with obesity.

Ohno et  al suggested that patients with IHA were more 
obese than those with APA [11]. In addition, a difference be-
tween sexes has been reported; body mass index (BMI) was 
significantly higher in IHA patients compared with APA 
among women, but not among men [16]. However, it re-
mains uncertain whether the association between each sub-
type of PA and obesity differ by sex compared with non-PA 
cases. Elucidating the sex-specific association may clarify the 
underlying mechanisms of PA.

Visceral adipose tissue (VAT) and subcutaneous adipose 
tissue (SAT) are different in their patterns of molecular prop-
erties and their roles in the regulation of whole-body metab-
olism [17-20]. Abdominal VAT is considered to be the more 
pathogenic fat depot because of stronger associations with 
most cardiometabolic risk factors compared with SAT [21, 
22]. A prior study reported a positive association of plasma 
aldosterone (PAC) with visceral fat area among IHA cases 
[23]. However, this is limited only among PA cases; it did 
not include any control groups. To the best of our know-
ledge, there have been no previous studies comparing the 
distribution of adipose tissue between PA cases and con-
trol groups. We hypothesized that VAT area had a closer as-
sociation with each subtype of PA than SAT area because 
patients with PA have a high prevalence of cardiovascular 
events [4-7]. However, conventional generalized linear model 
may not be appropriate because of multicollinearity between 
BMI, VAT, and SAT areas. Thus, we used a random forest, a 
machine learning algorithm, which can minimize the effect of 
multicollinearity [24].

Using a dataset of PA patients and health checkup parti-
cipants whose adipose tissue areas were measured by com-
puted tomography (CT), we assessed (1) whether obesity 
parameters, including VAT area, were associated with each 
type of PA; (2) whether the associations differed by sex; and 
(3) which of the VAT and SAT areas had a closer association 
with each type of PA.

Materials and Methods
Study Population and Design
In this case-control study, we recruited 183 patients with PA 
who were diagnosed and underwent adrenal vein sampling 
at the Jichi Medical University Hospital, the largest academic 
center in Japan’s Tochigi prefecture, during the 14-year period 
between January 2006 to July 2020. Reference control data 
were obtained from the master database including Japanese 
individuals who participated in general health checkups at the 
Jichi Medical University Health Care Center.

The study was approved by the Ethics Committee of Jichi 
Medical University. All patients and controls provided in-
formed consent for research (http://www.jichi.ac.jp/endc/
pdf/20190410.pdf).

Ascertainment of Cases With PA and Subtype of PA
The diagnostic procedure for PA and its subtype was per-
formed according to the Japan Endocrine Society [25] and 
the Japan Society of Hypertension [26]. The diagnosis of PA 
was confirmed when at least 1 of 3 confirmatory tests, such 
as the captopril challenge test, saline infusion test, or upright-
furosemide loading test, was positive [25, 26]. Differentiation 
between bilateral and unilateral PA was obtained by ad-
renal vein sampling [25]. The unilateral PA subtype was 
defined when lateralized ratio was more than four [25, 27, 
28]. Then, unilateral APA was diagnosed for those whose 
pathological result was concordant with a classical hist-
ology (ie, aldosterone-producing adrenal cortical adenoma or 
aldosterone-producing nodule), but not with a nonclassical 
histology (ie, suspected multiple aldosterone-producing 
nodule/micronodule nor aldosterone-producing diffuse 
hyperplasia) [29]. Classical histopathology represents a soli-
tary neoplasm or nodule composed of clear cells, compact eo-
sinophilic cells, or a mixture of both by hematoxylin-eosin 
staining [29]. The bilateral PA subtype or IHA was diagnosed 
when the lateralized ratio was < 2 and the contralateral ratio 
was ≥ 1 [25, 27, 28]. Details are described in the online Data 
Supplement [30].

Control Selection and Matching
For the current analyses, we selected records of 2594 normo-
tensive participants from health checkups as a control group 
(systolic blood pressure < 140 mm Hg, diastolic blood pres-
sure < 90 mm Hg, and not taking antihypertensive medica-
tion) whose VAT and SAT areas were measured by CT at least 
1 time between 2006 and 2018.

To avoid arbitrarily extracting data and to ensure the val-
idity, we created 2 data sets for the normotensive participants 
using these records in which repetitive participants were in-
cluded. One of them was created by randomly choosing the 
date of each individual health checkup, which was used for 
primary analysis. The other data were created for sensitivity 
analysis, choosing the initial day of each individual health 
checkup (Fig. 1). Then, for each case with PA, 4 controls 
were selected without replacement using nearest-neighbor 
matching with a Mahalanobis distance function to identify 
the closest matches in each data set [31]. The characteristics 
used in identifying potential matches involved these following 
potential confounders: sex, age, current smoking status, and 
drinking status. These covariates, which can affect both the 
prevalence of the disease and obesity, were selected a priori 
[11, 16]. Blood pressure was not selected as the covariate, as 
it was considered a collider, but not a confounder, between 
disease status and obesity parameters [32]. If the collider was 
controlled for, collider stratification bias would arise [32].

Covariates and Other Variables
All patients and health checkup participants underwent a 
routine physical examination, evaluation of demographic 
characteristics (age and sex), habitual status (current smoking 
status and alcohol consumption), medical history (duration 
of hypertension, prevalence of diabetes mellitus, history of 
cardiovascular diseases), medications, vital signs, and weight 
assessment. BMI was defined as weight divided by height 
squared (kg/m2). Blood was collected after an overnight fast 
among both cases and health checkup participants. Serum 
cortisol at 8 am, PAC, and plasma renin activity (PRA) 
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were also collected for patients with PA (see the online Data 
Supplement) [30].

CT Imaging of Abdominal Adipose Tissue
The abdominal adipose tissue imaging was performed in a 
supine position using a multidetector CT system. Visceral 
adipose tissue was defined as adipose tissue located within 
the abdominal muscular wall. Adipose tissue outside the ab-
dominal wall was regarded as SAT. VAT and SAT areas were 
evaluated at the level just below the kidneys between the third 
and fourth lumbar vertebrae [33, 34]. Adipose tissue was de-
tected based on attenuation number, using a window level of 
-200 to -30 Hounsfield units (see the online Data Supplement) 
[30].

In a preliminary analysis, VAT or SAT areas were found 
to be highly correlated with BMI, with Pearson’s correlation 
coefficients of 0.75 and 0.81, respectively, for males, and 0.76 
and 0.80, respectively, for females (all P values < 0.001). To 
investigate whether the VAT and SAT areas were associated 
with the disease status independently of BMI, residuals were 
calculated based on Willett and Stampfer’s residual approach 
[35]. The residuals represented the proportion of VAT or SAT 
areas that were not explained by BMI [36]. Details are de-
scribed in the online Data Supplement [30].

Statistical Analyses
We calculated characteristics for cases and controls. 
Descriptive statistics are reported as means (SD), medians 
(interquartile range [IQR]) for skewed variables, and propor-
tions where appropriate. The statistical significance of differ-
ences among the groups were determined using independent 
t tests or Mann-Whitney tests for continuous variables, and 
χ 2 tests for categorical variables. Correlations between the 
anthropometric parameters associated with obesity (BMI, 

VAT area, and SAT area) and adrenal hormone levels (PAC, 
PRA, PAC to PRA ratio [ARR], and serum cortisol) were as-
sessed among each type of PA using Pearson’s correlation 
coefficients.

We analyzed the matched patients (ie, APA vs control or 
IHA vs control) using conditional logistic regression [37]. 
Standard logistic regression model was used to assess the as-
sociation of the obesity parameters with APA or IHA. Disease 
status was put into the models as the dependent variables. 
In model 1, BMI was considered as the main independent 
variable. VAT area, SAT area, and both were regarded as the 
main independent variables in models 2, 3, and 4, respect-
ively. In model 5, BMI and residuals of VAT and SAT areas 
were included. Sex, age, smoking, and drinking status were 
adjusted as potential confounders in all models. Results were 
reported as the adjusted odds ratios for each SD higher level 
for each exposure. In a sensitivity analysis, we performed the 
same analysis using the data of each individual’s initial day 
for health checkup participation.

To understand which of the VAT and SAT areas had 
a closer association with each type of PA, we used several 
statistical approaches taking multicollinearity into account. 
First, fitting several models to assess the association as de-
scribed previously. Second, the differences of area under the 
receiver operating characteristic curves (AUC) to predict 
diseases status were calculated for model 2 compared with 
model 3.  Third, variable importance was measured using 
random forest.

We tested for heterogeneity in the association between PA 
subtype and obesity parameters by sex via the inclusion of 
multiplicative interaction terms in models 1 to 3. Statistical 
analyses were performed using R for Windows, version 
3.6.0 (R Foundation for Statistical Computing, Vienna, 
Austria). The “Matchlt” package in R was used to perform 

PA Case group

Normotensive participants of health checkups who 

had underwent CT at least one time (n=2,594)

Choosing the data in 

which the initial date 

participants participated

Data set 1 (n=2,594)

Control group

Data set 2 (n=2,594)

Matched data set 

for APA (n=168)

Matched data set 

for IHA (n=272)

Sensi�vity analysis

Matching 1:4 Matching 1:4

The date of health checkup 

was randomly chosen  

Primary analysis

Patients who underwent AVS (n=183)

SI <5 or adrenal cortisol <200 µg/dl 

after ACTH administration (n=23)

LR 2-4 after ACTH

administration (n=19)

LR <2 after ACTH

administration (n=77 )

Adrenocortical 

adenoma as the result 

of unilateral 

adrenalectomy (n=1) 

CR <1 after ACTH

administration (n=8) 

IHA (n=68)

LR >4 after ACTH

administration (n=48) 

No

adrenalectomy (n=3) 

Not diagnosed with

adrenocortical 

adenoma (n=3) 

APA (n=42)

Cases with autonomous cortisol 

secretion (n=16)

Matched data set 

for APA (n=168)

Matched data set 

for IHA (n=272)

Figure 1. The flow chart of data collection. ACTH, adrenocorticotropic hormone; APA, aldosterone-producing adenoma; AVS, adrenal venous sampling; 
CR, contralateral ratio; CT, computed tomography; IHA, idiopathic hyperaldosteronism; LR, lateralized ratio; PA, primary aldosteronism; SI, selectivity 
index.
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nearest-neighbor matching. For the random forest, the 
“randomForest” package in R was used [24]. The number of 
trees was set to 5000 to ensure robustness of variable im-
portance. For 95% CIs of AUC and the difference in AUC, 
we used a nonparametric bootstrap approach with 5000 it-
erations. Statistical significance was defined by a 2-sided P 
value < 0.017 according to Bonferroni correction resulting 
from multiple comparison tests [38]. In the same way, we 
used P < 0.017 for interpretation of statistical interactions.

Results
Of the 183 cases diagnosed with PA who underwent adrenal 
vein sampling, we excluded 73 cases that met the exclusion 
criteria (Fig. 1). We included 110 PA patients (mean age ± SD, 
51.5 years ± 9.8, and 64 women [58.2%]) who were categor-
ized as having APA (n = 42) and IHA (n = 68).

Comparisons of Patients With APA and Controls
Comparisons of parameters between patients with APA 
and the matched controls are shown in Table 1. Age 
(50.9 ± 11.2  years), sex (22 [52.4%] women), smoking (6 
[14.3%] current smokers), and drinking status (10 [23.8%] 
drinkers) of 42 APA cases were well matched with the con-
trol group. In univariate analysis, BMI and VAT area were 
significantly higher in APA cases than those in matched con-
trols; however, SAT area did not differ between them. The 
prevalence of diabetes mellitus was significantly higher in the 
APA group than those in the control group, whereas serum 
high-density lipoprotein (HDL) cholesterol and low-density 
lipoprotein cholesterol levels were lower in the APA group 
than those in the control group.

In multivariable conditional logistic regression analysis, 
the adjusted odds ratio (OR) (95% CI, P value) for APA for 
1-SD increase in BMI (per 3.65 kg/m2) was 1.61 (1.13-2.30, 
0.009) in model 1 (Table 2). In model 2, the OR for 1-SD 
increase in VAT area (per 59.40  cm2) was 1.88 (1.24-2.87, 
0.003). In model 3, the OR for 1-SD increase in SAT area 
(per 62.03 cm2) was 1.23 (0.90-1.69, 0.192). In model 4, VAT 
area was significantly associated with APA (the adjusted OR 
[95% CI, P value] for 1-SD increase in VAT: 2.11 [1.23-3.62, 
0.006]), but SAT area was not associated (the adjusted OR 
[95% CI, P value] for 1-SD increase in SAT: 0.87 [0.57-1.31, 
0.495]). In model 5, residual VAT and SAT areas were not sig-
nificantly associated with APA (the adjusted ORs [95% CI, P 
value] for each 1-SD increase in residual VAT (per 34.89 cm2) 
and SAT area (per 35.81 cm2): 1.18 [0.84-1.68, 0.344] and 
0.71 [0.50-1.02, 0.067], respectively). Sensitivity analysis 
showed similar results to the primary analysis in terms of the 
point estimates (Supplementary Table 2) [30].

The AUC of model 2, including VAT area and other 
covariates, were significantly higher than that of model 3, 
including SAT area and other covariates, with a difference 
(95% CI, P value) of 0.10 (0.03-0.20, 0.011) (Table 2). 
Random forest showed that VAT area was the better pre-
dictor of APA than SAT area and BMI (Fig. 2).

There was evidence of interactions; obesity parameters 
with sex in association with APA (P for interactions 0.002 for 
BMI in model 1, 0.129 for VAT area in model 2, and 0.003 
for SAT area in model 3). The association between obesity 
and APA was stronger in men than in women. Stratified ana-
lysis showed that the adjusted ORs (95% CI, P value) for 

APA for each 1-SD increase were 4.62 (1.98-10.80, <0.001) 
for BMI (per 2.89 kg/m2) in model 1, 2.49 (1.38-4.49, 0.003) 
for VAT area (per 57.94 cm2) in model 2, and 2.68 (1.38-5.22, 
0.004) for SAT area (per 54.52 cm2) in model 3 among men 
(Table 3). Among women, on the other hand, BMI, VAT, and 
SAT areas were not associated with APA from models 1 to 5 
(Table 3). Sensitivity analysis showed similar results with P 
values for interactions 0.005 for BMI, 0.289 for VAT area, 
and 0.007 for SAT area (Supplementary Table 3) [30].

Random forest variable importance to predict APA showed 
that VAT area was more than 1.5 times as important as SAT 
area among men (Supplementary Figure 1) [30].

Comparisons of Patients With IHA and Controls
Age (51.8 ± 8.9 years), sex (42 [61.8%] women), smoking (18 
[26.5%] current smokers), and drinking status (17 [25.0%] 
drinkers) of 68 IHA cases were well matched with the con-
trol group (Table 1). In univariate analysis, BMI, VAT area, 
and SAT area were significantly higher among IHA cases than 
those among the matched controls. The prevalence of diabetes 
mellitus was significantly higher in the IHA group than those 
in the control group. IHA cases had higher serum triglyceride 
levels and lower HDL cholesterol levels than the controls.

In multivariable conditional logistic regression analysis, the 
adjusted OR (95% CI, P value) for IHA for 1-SD increase in 
BMI (per 3.88 kg/m2) was 3.09 (2.18-4.38, <0.001) in model 
1 (Table 2). In model 2, the OR for 1-SD increase in VAT area 
(per 63.85 cm2) was 3.15 (2.14-4.63, <0.001). In model 3, the 
OR for 1-SD increase in SAT area (per 71.21 cm2) was 2.33 
(1.71-3.18, <0.001). In model 4, VAT area was significantly 
associated with IHA (the adjusted OR [95% CI, P value] for 
1-SD increase in VAT: 2.37 [1.46-3.86, <0.001]), but SAT 
area was not (the adjusted OR [95% CI, P value] for 1-SD 
increase in SAT: 1.42 [0.95-2.12, 0.086]). In model 5, only 
BMI was significantly associated with IHA, but not residuals 
of VAT and SAT areas. Sensitivity analysis showed similar re-
sults to the primary analysis in terms of the point estimate 
and significance (Supplementary Table 2) [30].

The AUC were not significantly different between models 2 
and 3 (Table 2). Random forest variable importance to pre-
dict IHA showed that VAT area was more than 1.5 times as 
important as SAT area (Fig. 2).

There was no evidence of interactions; obesity parameters 
with sex in association with IHA (P for interactions 0.257 for 
BMI in model 1, 0.045 for VAT area in model 2, and 0.122 
for SAT area in model 3). In stratified analysis, VAT area in 
model 4 and residual VAT area in model 5 were significantly 
associated with IHA, but not SAT area and residual SAT area 
among women (Table 3). Similarly, random forest variable 
importance to predict IHA showed that VAT area was a better 
predictor than SAT area among women (Supplementary 
Figure 1) [30].

Comparisons of Patients With APA and IHA
In univariate analysis, BMI, VAT, and SAT areas of IHA cases 
were higher than those of APA cases with P values 0.003, 
0.020, and 0.001, respectively (Table 1). The VAT/SAT area 
ratio tended to be higher in APA cases than that of IHA cases 
but not significantly with a P value of 0.851. Serum sodium 
was higher and serum potassium was lower in APA cases 
than those in IHA cases with P values < 0.001 and < 0.001, 
respectively. The PAC and ARR with median (IQR) of 305.5 
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Table 2. The association between the parameters of obesity and disease status

  Odds ratio (95% CI) P value AUC (95% CI) The difference of AUC P value 

APA vs matched control      

Model 1 BMI (kg/m2) 1.61 (1.13-2.30) 0.009 – – –

Model 2 VAT area (cm2) 1.88 (1.24-2.87) 0.003 0.69 (0.61-0.77) 0.10 (0.03, 0.20) 0.011

Model 3 SAT area (cm2) 1.23 (0.90-1.69) 0.192 0.59 (0.49-0.68)  Reference –

Model 4 VAT area (cm2) 2.11 (1.23-3.62) 0.006 –  – –

SAT area (cm2) 0.87 (0.57-1.31) 0.495

Model 5 BMI (kg/m2) 1.67 (1.15-2.42) 0.007 – – –

Residual VAT area (cm2) 1.18 (0.84-1.68) 0.344

Residual SAT area (cm2) 0.71 (0.50-1.02) 0.067

IHA vs matched control      

Model 1 BMI (kg/m2) 3.09 (2.18-4.38) <0.001 – – –

Model 2 VAT area (cm2) 3.15 (2.14-4.63) <0.001 0.78 (0.71-0.83) -0.01 (-0.06, 0.04) 0.783

Model 3 SAT area (cm2) 2.33 (1.71-3.18) <0.001 0.78 (0.72-0.83)  Reference –

Model 4 VAT area (cm2) 2.37 (1.46-3.86) <0.001 – – –

SAT area (cm2) 1.42 (0.95, 2.12) 0.086

Model 5 BMI (kg/m2) 3.09 (2.17-4.39) <0.001 – – –

Residual VAT area (cm2) 1.19 (0.87-1.63) 0.286

Residual SAT area (cm2) 0.94 (0.71-1.24) 0.645

IHA vs APA      

Model 1 BMI (kg/m2) 2.46 (1.48-4.41) 0.001 – – –

Model 2 VAT area (cm2) 2.48 (1.46-4.55) 0.002 0.72 (0.62-0.81) -0.01 (-0.10, 0.08) 0.886

Model 3 SAT area (cm2) 2.40 (1.47-4.24) 0.001 0.73 (0.63-0.82)  Reference –

Model 4 VAT area (cm2) 1.69 (0.90-3.39) 0.116 – – –

SAT area (cm2) 1.83 (1.02-3.49) 0.051

Model 5 BMI (kg/m2) 2.47 (1.48-4.45) 0.001 – – –

Residual VAT area (cm2) 1.40 (0.88-2.27) 0.159

Residual SAT area (cm2) 1.38 (0.88-2.26) 0.178

All models are adjusted for sex, age, current smoker, and drinking habit. Adjusted odds ratio (95% CIs) associated with a 1-SD increase of each obesity 
parameter are shown. For APA patients and the matched controls, the 1-SD increment of each obesity parameter is as follows: BMI, 3.65 kg/m2; VAT area, 
59.40 cm2; SAT area, 62.03 cm2; residual VAT area, 34.89 cm2; and residual SAT area, 35.81 cm2. For IHA patients and the matched controls, the 1-SD 
increment of each obesity parameter is as follows: BMI, 3.88 kg/m2; VAT area, 63.85 cm2; SAT area, 71.21 cm2; residual VAT area, 34.98 cm2; and residual 
SAT area, 38.52 cm2. For APA and IHA patients, the 1-SD increment of each obesity parameter is as follows: BMI, 4.27 kg/m2; VAT area, 71.78 cm2; SAT 
area, 76.60 cm2; residual VAT area, 42.07 cm2; and residual SAT area, 44.39 cm2. Residuals of VAT and SAT areas were derived from Willett and Stampfer’s 
residual approach and were uncorrelated with BMI. Statistical significance was defined by a 2-sided P value < 0.017 according to Bonferroni correction 
from multiple comparison test. Significant values are displayed in bold.
Abbreviations: APA, aldosterone-producing adenoma; AUC, the area under the receiver operating characteristic curves; BMI, body mass index; CI, 
confidence interval; IHA, idiopathic hyperaldosteronism; SAT, subcutaneous adipose tissue; VAT, visceral adipose tissue.

Figure 2. Random forest variable importance of patient characteristics to predict aldosterone-producing adenoma and idiopathic hyperaldosteronism. 
A larger mean decrease in accuracy indicates greater variable importance. We involved the following variables as potential predictive characteristics 
to include into the random forest: sex, age, current smoker, drinking habit, and obesity parameters (BMI, VAT area, and SAT area). APA, aldosterone-
producing adenoma; BMI, body mass index; IHA, idiopathic hyperaldosteronism; SAT, subcutaneous adipose tissue; VAT, visceral adipose tissue.
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Table 3. The association between the parameters of obesity and disease status by sex

   Odds ratio (95% CI) P value AUC (95% CI) The difference of AUC P value 

APA vs matched control

Men Model 1 BMI (kg/m2) 4.62 (1.98-10.80) <0.001 – – –

Model 2 VAT area (cm2) 2.49 (1.38-4.49) 0.003 0.77 (0.66-0.87) 0.01 (-0.11, 0.12) 0.895

Model 3 SAT area (cm2) 2.68 (1.38-5.22) 0.004 0.76 (0.64-0.87) Reference –

Model 4 VAT area (cm2) 1.82 (0.93-3.54) 0.080 –  – –

SAT area (cm2) 1.96 (0.99-3.88) 0.054

Model 5 BMI (kg/m2) 4.79 (2.02-11.36) <0.001 – – –

Residual VAT area 
(cm2)

1.21 (0.69-2.11) 0.499

Residual SAT area 
(cm2)

0.89 (0.51-1.57) 0.691

Women Model 1 BMI (kg/m2) 1.09 (0.69-1.72) 0.721 – – –

Model 2 VAT area (cm2) 1.19 (0.76-1.86) 0.233 0.59 (0.46-0.72) 0.02 (-0.17, 0.21) 0.825

Model 3 SAT area (cm2) 0.78 (0.46-1.33) 0.370 0.57 (0.44-0.70)  Reference –

Model 4 VAT area (cm2) 1.95 (0.96-4.00) 0.066 –  – –

SAT area (cm2) 0.49 (0.23-1.04) 0.065

Model 5 BMI (kg/m2) 1.11 (0.67-1.84) 0.693 – – –

Residual VAT area 
(cm2)

1.30 (0.78-2.18) 0.310

Residual SAT area 
(cm2)

0.52 (0.28-0.94) 0.030

IHA vs matched control

Men Model 1 BMI (kg/m2) 3.96 (2.03-7.73) < 0.001 – – –

Model 2 VAT area (cm2) 2.39 (1.44-3.96) < 0.001 0.75 (0.64, 0.84) -0.10 (-0.19, -0.01) 0.037

Model 3 SAT area (cm2) 3.36 (1.72-6.54) < 0.001 0.85 (0.76, 0.92)  Reference –

Model 4 VAT area (cm2) 1.25 (0.63-2.49) 0.521 – – –

SAT area (cm2) 2.83 (1.29-6.47) 0.014

Model 5 BMI (kg/m2) 4.22 (2.13-8.35) < 0.001 – – –

Residual VAT area 
(cm2)

0.67 (0.37-1.22) 0.192

Residual SAT area 
(cm2)

1.26 (0.75-2.09) 0.383

Women Model 1 BMI (kg/m2) 2.65 (1.77-3.96) < 0.001 – – –

Model 2 VAT area (cm2) 3.13 (1.99-4.90) < 0.001 0.80 (0.73-0.87) 0.05 (0.01, 0.10) 0.024

Model 3 SAT area (cm2) 2.03 (1.42-2.90) < 0.001 0.75 (0.68-0.82)  Reference –

Model 4 VAT area (cm2) 3.57 (1.90-6.70) < 0.001 – – –

SAT area (cm2) 0.84 (0.48-1.48) 0.549

Model 5 BMI (kg/m2) 2.70 (1.75-4.17) < 0.001 – – –

Residual VAT area 
(cm2)

1.90 (1.24-2.92) 0.003

Residual SAT area 
(cm2)

0.76 (0.52-1.12) 0.172

IHA vs APA

Men Model 1 BMI (kg/m2) 1.65 (0.86-3.56) 0.158 – – –

Model 2 VAT area (cm2) 1.51 (0.81-3.08) 0.220 0.59 (0.42, 0.78) 0.02 (-0.12, 0.19) 0.755

Model 3 SAT area (cm2) 1.34 (0.68-2.95) 0.419 0.57 (0.40, 0.73)  Reference –

Model 4 VAT area (cm2) 1.47 (0.68-3.43) 0.344 – – –

SAT area (cm2) 1.06 (0.45-2.63) 0.898

Model 5 BMI (kg/m2) 1.61 (0.84-3.49) 0.178 – – –

Residual VAT area 
(cm2)

1.07 (0.55-2.11) 0.834

Residual SAT area 
(cm2)

0.84 (0.42-1.67) 0.602
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(167.5-480.8) pg/mL and 1435 (774-2411) in APA cases were 
significantly higher than those with 120.0 (95.6-158.0) pg/
mL and 368 (241-600) in IHA cases with P values < 0.001 
and < 0.001, respectively. Serum cortisol levels tended to be 
higher in APA cases than that in IHA cases (P = 0.030). The 
adrenal mass was identified by CT in 41 (97.6%) APA cases, 
which was significantly higher than 24 (35.3%) IHA cases 
(P < 0.001).

In multivariable standard logistic regression analysis, the 
adjusted OR (95% CI, P value) for IHA for 1-SD increase in 
BMI (per 4.27 kg/m2) was 2.46 (1.48-4.41, 0.001) in model 1 
(Table 2). In model 2, the OR for 1-SD increase in VAT area 
(per 71.78 cm2) was 2.48 (1.46-4.55, 0.002). In model 3, the 
OR for 1-SD increase in SAT area (per 76.60 cm2) was 2.40 
(1.47-4.24, 0.001).

Although there was no evidence of interactions, obesity 
parameters with sex in association with PA subtype (P for 
interactions 0.552 for BMI in model 1, 0.048 for VAT area in 
model 2, and 0.087 for SAT area in model 3), obesity param-
eters were significantly higher in IHA cases than those in APA 
cases only in women, but not in men in stratified analysis 
(Table 3).

The Correlation Between Obesity Parameters and 
Adrenal Hormone Level
In APA cases, PAC and ARR had negative relationships with 
obesity parameters, but a significant association was found 
only between ARR and VAT area (r = -0.35, P = 0.023) 
(Supplementary Figure 2a) [30]. Serum cortisol levels did 
not have any significant association with obesity param-
eters. In stratified analyses by sex, ARR was negatively as-
sociated with VAT area among women (r = -0.52, P = 0.012) 
(Supplementary Figure 3a and 3b) [30].

In IHA cases, PAC and ARR were not associated with the 
parameters of obesity (Supplementary Figure 2b) [30]. Serum 

cortisol levels were significantly negatively associated with 
obesity parameters. PAC was not significantly associated with 
obesity parameters in either men or women (Supplementary 
Figure 3c and 3d) [30].

Discussion
In this case control study, APA and IHA patients were more 
obese and had significantly higher VAT areas than their 
matched controls. There was an interaction between sex and 
obesity parameters in association with APA but not IHA. APA 
cases were more obese than the matched controls among men, 
but not among women. On the other hand, IHA cases were 
more obese than the controls among both men and women. 
These results helped to elucidate the mechanisms of a pre-
vious study’s insight [16]: BMI was significantly higher in 
IHA patients than in APA among women, but not among 
men (Supplementary Figure 4) [30]. Moreover, we found that 
VAT areas had a closer association with APA and IHA than 
SAT areas.

Many previous studies found no significant association be-
tween PA and obesity [12-14], until Ohno et al showed that 
IHA but not APA cases had significant positive association 
with obesity [11]. We confirmed the observation that IHA 
cases were more obese than the normotensive controls. In 
contrast to Ohno et al, we found that APA cases were also 
more obese than the normotensive controls. We would specu-
late that our results differed from Ohno et al’s because our 
studies used the controls with different clinical backgrounds. 
Previous studies, including Ohno et  al’s, used patients with 
essential hypertension who were more obese than the general 
population as controls [15]. However, we used normotensive 
healthy people as a control. Therefore, our controls were less 
obese than those of other studies. It is of note that the cases 
with IHA had significantly higher BMI than those with APA 

   Odds ratio (95% CI) P value AUC (95% CI) The difference of AUC P value 

Women Model 1 BMI (kg/m2) 2.93 (1.47-6.88) 0.006 – – –

Model 2 VAT area (cm2) 3.53 (1.70-8.75) 0.002 0.80 (0.68, 0.91) -0.03 (-0.15, 0.01) 0.599

Model 3 SAT area (cm2) 4.23 (1.93-11.80) 0.001 0.83 (0.73, 0.93)  Reference –

Model 4 VAT area (cm2) 2.00 (0.85-5.43) 0.139 – – –

SAT area (cm2) 2.91 (1.15-8.74) 0.035

Model 5 BMI (kg/m2) 3.46 (1.63-8.86) 0.004 – – –

Residual VAT area 
(cm2)

2.01 (0.97-4.65) 0.073

Residual SAT area 
(cm2)

2.39 (1.16-5.63) 0.027

All models are adjusted for age, current smoker, and drinking habit. Adjusted odds ratio (95% CIs) associated with a 1-SD increase of each obesity 
parameter are shown. For men among APA patients and the matched controls, the 1-SD increment of each obesity parameter is as follows: BMI, 2.89 kg/
m2; VAT area, 57.94 cm2; SAT area, 54.52 cm2; residual VAT area, 42.58 cm2; and residual SAT area, 32.83 cm2. For women among APA patients and the 
matched controls, the 1-SD increment of each obesity parameter is as follows: BMI, 3.93 kg/m2; VAT area, 41.22 cm2; SAT area, 68.35 cm2; residual VAT 
area, 26.24 cm2; and residual SAT area, 38.46 cm2. For men among IHA patients and the matched controls, the 1-SD increment of each obesity parameter 
is as follows: BMI, 3.75 kg/m2; VAT area, 70.87 cm2; SAT area, 66.81 cm2; residual VAT area, 43.66 cm2; and residual SAT area, 38.04 cm2. For women 
among IHA patients and the matched controls, the 1-SD increment of each obesity parameter is as follows: BMI, 3.85 kg/m2; VAT area, 46.02 cm2; SAT 
area, 73.29 cm2; residual VAT area, 28.43 cm2; and residual SAT area, 38.91 cm2. For men among APA and IHA patients, the 1-SD increment of each 
obesity parameter is as follows: BMI, 3.39 kg/m2; VAT area, 70.67 cm2; SAT area, 73.69 cm2; residual VAT area, 47.20 cm2; and residual SAT area, 
43.73 cm2. For women among APA and IHA patients, the 1-SD increment of each obesity parameter is as follows: BMI, 4.46 kg/m2; VAT area, 54.84 cm2; 
SAT area, 78.76 cm2; residual VAT area, 38.35 cm2; and residual SAT area, 45.21 cm2. Residuals of VAT and SAT areas were derived from Willett and 
Stampfer’s residual approach and were uncorrelated with BMI. Statistical significance was defined by a 2-sided P value < 0.017 according to Bonferroni 
correction from multiple comparison test. Significant values are displayed in bold.
APA, aldosterone-producing adenoma; AUC, the area under the receiver operating characteristic curves; BMI, body mass index; CI, confidence interval; 
IHA, idiopathic hyperaldosteronism; SAT, subcutaneous adipose tissue; VAT, visceral adipose tissue.

Table 3. Continued
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even in the current study, corroborating the results of Ohno 
et al’s study [11]. Taken together, it might be safe to conclude 
that patients with IHA are more obese than those with APA 
and that patients with APA are more obese than normoten-
sive healthy people.

Sex might play an important role in the interaction between 
obesity and PA. Akasaka et al showed that BMI was signifi-
cantly higher in IHA cases than in APA cases among women, 
but not among men [16]. Because their study subjects did not 
include non-PA cases, it was not clear whether patients of 
each sex were more obese than non-PA cases. To circumvent 
the limitation, we compared PA cases with healthy controls. 
The results showed that obesity parameters were significantly 
associated with APA among men, but not among women. 
On the other hand, among both sexes, obesity param-
eters were  significantly associated with IHA. In short, male 
cases were obese whether they were APA or IHA, but female 
cases were obese in IHA, but not in APA. Similar to Akasaka 
et al’s finding [16], we found a significant difference in BMI 
between IHA and APA in women, and found no difference in 
BMI between IHA and APA in men, probably because both 
IHA and APA cases were obese in men. In a clinical setting, 
these findings may be helpful to predict the subtype of PA 
among women; nonobese patients with PA may have a higher 
possibility of having APA, necessitating an adrenalectomy 
for often than obese patients. Among men, on the other 
hand, obese cases should be screened for PA more often than 
nonobese. Recent studies suggested the intriguing sex differ-
ences in the function of the mineralocorticoid receptor in the 
vascular endothelium [39]. The potential sex difference in the 
role of adiposity-specific mineralocorticoid receptor may con-
tribute to the current result. Further studies are necessary to 
clarify mechanisms of the sex difference in the association be-
tween obesity and APA.

Obesity can be classified into 2 subtypes: visceral and sub-
cutaneous adiposity. Shibayama et al reported a positive cor-
relation of PAC with visceral fat area among IHA cases [23]. 
However, this study is limited to PA cases without a control 
group. To the best of our knowledge, the current study is the 
first to examine the association between VAT and PA status. 
Our study, which included normotensive healthy controls, 
showed that APA was significantly associated with VAT area, 
but not with SAT area. The results of the AUC difference 
and random forest also showed that VAT area was a better 
predictor of APA than SAT area. Similarly, IHA was signifi-
cantly associated with VAT area, but not with SAT area in 
model 4. The results of random forest also showed that VAT 
area was a better predictor of IHA than SAT area. In short, 
compared with SAT area, VAT area had a closer association 
with both APA and IHA. Because visceral adiposity is known 
to be a risk factor for cardiovascular events in the general 
population [21, 22], the close association of PA with visceral 
adiposity may contribute to the established findings that pa-
tients with PA are at higher risk for developing cardiovascular 
events than patients without PA [4-7, 40]. The mechanisms 
leading to a closer association of PA with VAT than with SAT 
are not clear. Further studies are needed to clarify them.

Our study subjects included a control group matched for 
sex, age, current smoking, and drinking habit whose mean 
BMIs (SD) (23.6 kg/m2 [2.8] for men and 22.5 kg/m2 [3.6] 
for women) were almost the same as those among Japanese 
people between 40 and 69 years of age in 2012 (23.8 kg/m2 

[3.2] for men and 22.5 kg/m2 [3.6] for women) according to 
the National Health and Nutrition Survey [41]. However, 
the current study has several limitations. First, CT scan ma-
chines differed between PA cases and health checkup partici-
pants; therefore, precise comparison of the parameters such 
as VAT and SAT area may not be justified. Second, this was a 
cross-sectional case-control study. Therefore, it is impossible 
to determine a causal relationship. Third, our data did not in-
clude the information of menopausal status or serum estradiol 
levels, which might influence the associations between adi-
pose tissue and PA. Fourth, multicollinearity between obesity 
parameters might bias the results. To minimize such weak-
ness, however, we used random forest, a machine learning al-
gorithm [24]. Because of the small sample size, our analysis 
models might be overfitted, including the random forest. The 
current results might be distorted by the potential selection 
bias. Obese patients might be more regularly screened for 
hypertension and PA than nonobese ones. As a result, the 
number of obese patients in the PA group may have been ar-
tificially inflated. Last, we could not perform CYP11B2 (al-
dosterone synthase) immunohistochemistry examination of 
adrenalectomy specimens for patients operated for unilateral 
PA as our study was mainly conducted before the HISTALDO 
(histopathology of primary aldosteronism) consensus was is-
sued [42]. It could result in the measurement bias: the mis-
diagnosis as an aldosterone producing-adenoma or nodule 
rather than nonclassical unilateral subtype including mul-
tiple aldosterone-producing nodules or micronodules, or 
aldosterone-producing diffuse hyperplasia.

Conclusions
APA patients were more obese than normotensive controls in 
the case of men. IHA patients were more obese than normo-
tensive controls whether they were men or women. IHA 
cases were more obese than APA cases among women, but 
not among men. VAT areas had closer associations with both 
APA and IHA than SAT areas. The present study may provide 
new insight on the association between PA and obesity, and 
may contribute to the prevention, the diagnosis, and treat-
ment of PA.
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