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Abstract
It remains unknown which surrogate markers can predict diagnostic test results for primary hyperaldosteronism (PA). The
Secondary Hypertension Registry Investigation in Mie Prefecture (SHRIMP) study has sequentially and prospectively recruited
128 patients with hypertension with an aldosterone-to-renin ratio (ARR) greater than 20, evaluated the differences among
essential hypertension (EHT), idiopathic hyperaldosteronism (IHA), and aldosterone-producing adenoma (APA), and analyzed
the predictors for the confirmatory tests. The patients underwent saline-loading, captopril-challenge, and upright furosemide-
loading tests. Carotid, renovascular, and cardiac echography, brachial ankle pulse wave velocity (baPWV), endothelial function,
nocturnal blood pressure decline, and the apnea hypopnea index were evaluated. Multivariate regression analyses showed that
the plasma aldosterone concentration (PAC) at screening was a strong predictor of the saline and captopril test results. The
plasma renin activity (PRA) at screening, urine β2-microglobulin, and left ventricular mass index (LVMI) were independent
predictors for the captopril test. The estimated saline PAC and captopril 60 and 90min ARRs predicted by the equations were
highly correlated with the real values. The ROC curve analysis showed PAC at screening among each of predictors for the
diagnostic tests and PAC after the saline-loading test had the highest diagnostic abilities of APA. Patients with IHA were older
and had glucose intolerance and increased U-Alb/gCre and resistive indices. In patients with APA, the levels of U-Alb/gCre and
urine β2-microglobulin were increased, and levels of insulin and the HOMA-IR were decreased. In conclusion, our proposed
equations may be useful for estimating saline PAC and captopril ARR. Diagnostic predictors may differ for each confirmatory
test.
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Introduction

Recently, primary aldosteronism (PA) has been a focus of
interest because it is the most frequent cause of secondary
hypertension and accounts for more than 10% of all patients

with hypertension in cross-sectional and prospective studies
[1]. Patients with PA suffer from cardiovascular events
more frequently than patients with essential hypertension
(EHT) and comparable blood pressure [2]. PA is a hetero-
geneous entity that is characterized by hypertension,
aldosterone overproduction, and inhibition of renin activity.
The major subgroups are idiopathic hyperaldosteronism
(IHA), also known as bilateral adrenal hyperplasia, and
aldosterone-producing adenoma (APA). Previously, APA
was considered the major form of PA because it was easier
to detect due to the existence of an adrenal tumor and the
higher prevalence of hypokalemia [3]. However, IHA has
been recognized recently as a major form of PA, accounting
for more than 60% of PA cases [4]. Thus, diagnosing PA
and effectively dividing it into its subgroups is important in
hypertensive patients with or without an adrenal tumor [3].
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The differences in surrogate markers in cardiovascular
diseases compared with those of EHT and which surrogate
markers should be checked and followed carefully to
prevent cardiovascular events in patients with IHA and
APA are unknown. Furthermore, the determinants of the
results of confirmatory tests for the diagnosis of PA are
not known. The Secondary Hypertension Registry Inves-
tigation in Mie Prefecture in Japan (SHRIMP) study has
sequentially and prospectively recruited patients with
hypertension with an aldosterone-to-renin ratio (ARR)
greater than 20, evaluated differences among EHT, IHA,
and APA, and evaluated the predictors of confirmatory
test results in these patients.

Methods

Study population

The SHRIMP study protocol was approved by the Ethics
Committee of Mie University Hospital (reference no. 2903),
and written informed consent was obtained from all patients
participating in the study.

Hypertension was diagnosed by three consecutive BP
measurements taken in the sitting position using a mercury
sphygmomanometer according to the Japan Society of
Hypertension guidelines [5].

Consecutive patients with hypertension and an ARR
ratio greater than 20 who were prescribed only calcium
channel antagonists and/or alpha-blockers as anti-
hypertensive drugs were prospectively recruited from
Mie University Hospital from 2012 to 2018. Generally,
we add alpha-blockers to the calcium channel antagonists
when hypertensive control is inadequate. All patients
underwent confirmatory tests and imaging for the diag-
nosis of PA. The Japan Society of Hypertension (JSH)
and the Japan Endocrine Society (JES) recommend three
confirmatory tests: the captopril-challenge test, the saline-
loading test, and the upright furosemide-loading test [5,
6]. In the captopril-challenge test, the ARR is measured
60 and 90 min after oral administration of 50 mg of
captopril; the cut-off value is an ARR > 20 (Supplemen-
tary Table 1). In the saline-loading test, after intravenous
infusion of 2 L of saline over 4 h, the plasma aldosterone
concentration (PAC) is measured; the cut-off value is a
PAC > 6.0 ng/dl. In the upright furosemide-loading test,
the plasma renin activity (PRA) is measured after 2 h of
standing (walking is permitted) following intravenous
injection of 40 mg of furosemide; the cut-off value is
PRA < 2.0 ng/mL/h. Supplementary Table 1 shows the
similarities and differences in the screening and con-
firmatory tests in Japan [6], the USA [1], Canada [7], and
France [8].

Adrenal venous sampling

Adrenal venous sampling (AVS) was performed via the
femoral vein approach. Blood samples were obtained from
the inferior vena cava (IVC) and the right and left adrenal
veins. Successful AVS was determined by a cortisol con-
centration in the adrenal vein greater than 200 μg/dl after
synthetic adrenocorticotropic hormone (ACTH) stimulation
[6]. For each sample, the aldosterone concentration was
divided by the cortisol concentration to correct for dilutional
effects of adrenal vein drainage. The APA diagnosis was
based on the assumption that the ratio of dominant to
nondominant normalized aldosterone (lateralized ratio)
would be 4 or greater, the aldosterone concentration would
be more than 1400 ng/dl after ACTH stimulation, and the
nondominant normalized aldosterone would be less than or
equal to the normalized aldosterone in the IVC. To meet the
definition of IHA, at least one of the adrenal venous blood
aldosterone measurements is greater than 1400 ng/dl and the
lateralized ratio is less than 4 after ACTH stimulation.

Renal, cardiac, and carotid artery ultrasonography

First, the renal aortic ratio (RAR) was determined after the
flow velocities in the aorta and renal arteries were evaluated
to rule out morphological abnormalities or renal artery
stenosis. Second, the renal resistive index (Rl) was deter-
mined in the interlobar arteries of both kidneys and
expressed as the mean of these values. The digital diag-
nostic ultrasound systems used were the Aplio XG SSA-
790A with a PVT-375BT convex array transducer (Toshiba
Medical Systems, Otawara, Tochigi, Japan) operating at a
frequency of 3.5 MHz and the LOGIQ P6 with a 4C convex
array transducer (GE Medical Systems, Milwaukee, WI,
USA) operating in the frequency range of 4.0–5.5MHz.
The ultrasound examinations were performed by two well-
trained technicians. The renal RI was calculated as follows:
renal RI= (peak systolic velocity− end-diastolic velocity)/
peak systolic velocity [9].

Cardiac ultrasonography was performed using the Vivid
7 (GE-Vingmed Ultrasound AS, Horten, Norway). The
interventricular septal and left ventricular (LV) posterior
wall thicknesses (IVST and PWT), LV end-diastolic
dimension (LVEDD), LV end-systolic dimension
(LVESD), and fractional shortening were assessed from the
parasternal long-axis view. The LV volume indices and
ejection fraction were assessed using the biplane Simpson’s
rule. The LV mass index (LVMI) was normalized by the
body surface area from the LV mass calculated as follows:
LV mass (g)= 0.8{1.04[([LVEDD+ IVST+ PWT]3 –
LVEDD3)]}+ 0.6. The ratio of the peak early to late dia-
stolic transmitral flow velocity (mitral E/A) and the decel-
eration time (DT) of the E velocity were calculated using
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pulsed Doppler echocardiography. The averaged peak early
diastolic mitral annular velocity (E’) at the inferior-septal
and LV lateral site was used as a marker of the LV diastolic
function. The E/E’ ratio was calculated as a Doppler para-
meter reflecting the LV filling pressure.

Carotid artery echography was performed using high-
resolution, real-time ultrasonography with an 11–12MHz
transducer (GE Logic S8). The carotid artery intima media
thickness (IMT) was defined as the distance from the
leading edge of the first echogenic line to the leading edge
of the second echogenic line on a sonographic image. The
IMT and the vascular thickness were determined at one site
and at two additional points located 1 cm downstream and
upstream [10]. The mean of these three determinations was
taken as the IMT value. The IMT was measured in both the
right and left carotid arteries. The max IMT was defined
based on six IMT measurements.

Other physiological studies: ABI, AHI, RHI, and
ABPM

The ankle brachial pressure index (ABI) and brachial ankle
pulse wave velocity (baPWV) were obtained using a BP-
203RPE III (Fukuda Colin, Tokyo, Japan).

The apnea hypopnea index (AHI) was obtained using an
SAS-3200 (Nihon Kohden, Tokyo, Japan) according to the
manufacturer’s protocol. Moderate to severe SAS was
defined as an AHI ≥ 15 [11].

Reactive hyperemia signals were obtained using the
EndoPAT 2000 device (Itama Medical Inc., Caesarea,
Israel), which was validated and used previously to assess
the peripheral arterial tone. Endothelial function was mea-
sured via the RH-PAT index [12] using the manufacturer’s
protocol. Generally, an RHI cut-off < 1.67 has been used to
indicate endothelial dysfunction.

Ambulatory blood pressure monitoring (ABPM)
recordings were performed using a validated device (Oscar
2 Classic; Suntech Medical Inc., Morrisville, NC, USA).
The overnight reduction in systolic blood pressure was
automatically calculated.

Statistics

The data are reported as the means ± standard deviations
(SDs) of the mean. A value of P < 0.05 was considered
significant. One-way analysis of variance or the chi-square
test was used to compare the baseline characteristics. For
post hoc analysis, Tukey’s honestly significantly different
test, the Games–Howell test or the Mann–Whitney test was
used. Multivariate regression analyses were performed to
identify factors from among the risk factors and laboratory
data that were associated with PAC, ARR, and PRA at
screening and in the definitive diagnostic tests. Linear

correlations between the variables were parametrically
evaluated using Pearson’s product moment correlation
coefficient. Receiver operating characteristic (ROC) analy-
sis was performed to evaluate the diagnostic ability. The
optimal cut-off points of each predictor were set at the
closest point to the upper left corner of the ROC curve plot.
The data were processed using the SPSS version 21 soft-
ware (IBM Inc., Chicago, IL, USA).

Results

Patient characteristics

In this study, 128 hypertensive patients with an ARR
greater than 20 were recruited (Fig. 1). In Japan, generally
confirmatory tests are performed after screening and finding
an ARR > 20, including the saline-loading test, captopril-
challenge test, and upright furosemide-loading test, each of
which has its own threshold (Supplementary Table 1)
[1, 6–8]. After undergoing 2 or 3 confirmatory tests, 101
patients were diagnosed with PA. Computed tomography
scanning showed an adrenal tumor in 47 patients. AVS was
not performed in nine patients with PA and an adrenal
tumor, and two AVS tests were not diagnostic (Fig. 1).
Additionally, AVS was not performed in 15 patients with
PA and no adrenal tumor. Figure 1 shows the PA subtypes,
including 27 EHT, 59 IHA, and 16 APA analyzed cases.
Table 1 shows the characteristics of the patients in the three
groups. The mean ages were 57, 57, and 52 years in the
EHT, IHA, and APA groups, respectively. Significant dif-
ferences among the three groups were observed in serum

128 Hypertensive patients with ARR>20

102 Analysis

27 EHT 101 PA

At least two of three confirmatory tests were performed
Adrenal CT scanning was performed 

9 AVS not performed
8 declined
1 contrast allergy

2 not diagnostic

47 Adrenal
tumor +

AVS
performed

21 IHA 15 APA

15 AVS not performed
15 declined

54 Adrenal
tumor −

38 IHA1 micro APA

AVS
performed

Fig. 1 Study flow chart. A final subtype diagnosis was achieved by CT
and adrenal vein sampling in 102 patients. APA aldosterone-producing
adenoma, ARR aldosterone-to-renin ratio, AVS adrenal vein sampling,
CT computed tomography, EHT essential hypertension, IHA idio-
pathic hyperaldosteronism, PAC plasma aldosterone concentration,
PRA plasma renin activity
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potassium, PAC, the ARR, the PAC after the saline-loading
test, the PRA after the upright furosemide-loading test, the
ARR 60 and 90 min after the captopril-challenge test, and
the prevalence of an adrenal tumor (Table 1 and Fig. 2).
Subclinical Cushing’s syndrome was observed only in
patients with IHA and APA. No differences were found in
age and the systolic and diastolic blood pressures under
hypertensive medication. The duration of hypertension was
longer in the patients with IHA than in those with EHT.
Alpha-blockers were added to the calcium antagonists to
control blood pressure more frequently in the APA group
than in the EHT group (Table 1).

Among the three groups, the IVST and LVMI were
higher in the APA group than in the EHT group (Table 2).
Conversely, the RAR and RI was significantly higher in
the patients with IHA than in those with EHT (Table 2).

In the laboratory measurements, fasting glucose, HbA1c,
and the urine albumin to creatinine ratio (U-Alb/
gCre) were higher in the patients with IHA than in those
with EHT (Table 3). The levels of insulin and the
HOMA-IR were lower in the APA group than in the IHA
group.

Predictors for the PAC, PRA, and ARR at screening

Univariate and multivariate regression analyses were per-
formed to identify determinants of the PAC, PRA, and ARR
at screening for PA in EHT, IHA, and APA patients
(Table 4). The addition of alpha-blockers was the strongest
predictor of the PAC after adjusting for the ABI, IVST,
PWT, LVMI, HbA1c, prevalence of an adrenal tumor, and
serum potassium.

Table 1 Patients’ characteristics
All, n= 102 EHT, n= 27 IHA, n= 59 APA, n= 16

Male gender, n (%) 49 (48) 14 (52) 25 (45) 10 (63)

Age, y 56 ± 13 57 ± 13 57 ± 12 52 ± 14

Body mass index, kg/m2 24.8 ± 4.3 24.5 ± 4.8 25.0 ± 4.3 24.5 ± 3.5

Abdominal circumference 86.4 ± 10.8 82.6 ± 8.3 88.2 ± 11.2 81.8 ± 10.4

Systolic blood pressure, mmHg 138 ± 17 137 ± 19 138 ± 17 139 ± 17

Diastolic blood pressure, mmHg 84 ± 11 84 ± 13 84 ± 10 86 ± 9

Heart rate, bpm 65 ± 11 67 ± 12 63 ± 10 71 ± 14

Serum potassium, mg/dl 3.8 ± 0.5 4.0 ± 0.4 3.9 ± 0.4* 3.3 ± 0.6*,**

Plasma aldosterone concentration (PAC),
ng/dl

18.7 ± 12.1 12.4 ± 5.3 17.0 ± 7.0* 35.5 ± 19.2

Plasma renin activity (PRA), ng/ml/h 0.39 ± 0.21 0.42 ± 0.20 0.40 ± 0.21 0.28 ± 0.20

Aldosterone-to-renin ratio (ARR) 75.7 ± 109.7 34.6 ± 18.9 53.0 ± 38.5* 228.8 ± 211.3*,**

Adrenal tumor, n (%) 43 (42) 7 (26) 21 (36) 15 (94)*,**

PAC after saline-loading test 9.8 ± 13.6 2.2 ± 2.6 8.7 ± 6.8* 25.3 ± 26.4*,**

PRA after upright furosemide-loading test 1.4 ± 1.5 2.8 ± 2.1 1.1 ± 0.8* 0.4 ± 0.4*,**

ARR 60 min after captopril-challenge test 55.1 ± 98.9 11.0 ± 6.9 44.5 ± 62.2* 174.5 ± 181.6*,**

ARR 90 min after captopril-challenge test 56.2 ± 96.7 10.4 ± 6.0 47.8 ± 70.3* 163.3 ± 164.0*,**

Comorbidities, n (%)

Diabetes mellitus 9(9) 0(0) 8(14)* 1(6)

Dyslipidemia 28(27) 7(26) 15(25) 6(38)

Chronic kidney disease 6(6) 1(4) 4(7) 1(6)

Coronary artery disease 2(2) 0(0) 0(0) 2(13)**

Sleep apnea syndrome (AHI ≥ 15) 18(18) 4(15) 12(20) 2(13)

Subclinical Cushing syndrome 10(10) 0(0) 7(12) 3(19)

Ever smokers 42(41) 11(41) 22(37) 9(56)

Current smokers 14(14) 5(19) 5(8) 4(25)

Medications, n (%)

Calcium channel blockers 76(75) 21(78) 49(83) 16(100)

Alpha-blockers 24(24) 4(15) 12(34) 8(50)*

Statin 13(13) 2(7) 6(10) 5(31)

Duration of hypertension, y 6.9 ± 9.1 5.1 ± 9.0 7.3 ± 8.6* 9.1 ± 11.4

Values are mean ± SD or n (%). AHI apnea and hypopnea index, APA aldosterone-producing adenoma, EHT
essential hypertension, IHA idiopathic hyperaldosteronism. *P < 0.05 vs. EHT, **P < 0.05 vs. IHA.
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DBP was the only predictor of the PRA at screening after
adjusting for weight, SBP, RAR, and homeostasis model
assessment insulin resistance (HOMA-IR) (Table 4).

The addition of alpha-blockers was an independent pre-
dictor of the ARR at screening in the EHT, IHA, and APA
patients after adjusting for the IVST, serum potassium,
HbA1c, and prevalence of an adrenal tumor (Table 4).

These results suggest that the PAC, PRA, and ARR at
screening can be determined by different predictors.

Predictors of the PAC after the saline-loading test,
the ARR 60 and 90min after the captopril-challenge
test, and the PRA after the upright furosemide-
loading test

Next, univariate and multivariate regression analyses were
performed to identify the determinants of the PAC after the
saline-loading test, the ARR 60 and 90 min after the
captopril-challenge test, and PRA after the upright
furosemide-loading test in the EHT, IHA, and APA patients
(Table 5). The PAC at screening, ARR at screening, and
serum potassium were independent predictors of the PAC
after the saline-loading test after adjusting for male sex,
PRA, IVST, PWT, LVDs, LVMI, E/E’, urine β2-micro-
globulin, the prevalence of an adrenal tumor and ischemic
heart disease and the addition of alpha-blockers.

The PAC and PRA at screening, LVMI and urine β2-
microglobulin were independent predictors of the ARR 60
min after the captopril-challenge test in the EHT, IHA, and
APA patients after adjusting for male sex, ABI, the ARR at
screening, serum potassium, RV5+ SV1 in the ECG, IVST,
PWT, LVMI, HbA1c, U-Alb/gCre, the prevalence of an
adrenal tumor and chronic kidney disease, and the addition
of alpha-blockers (Table 5). Similar results were obtained
regarding independent predictors of the ARR 90 min after
the captopril-challenge test (Table 5).

The renal RI was the only predictor of the PRA after the
upright furosemide-loading test in all patients after adjust-
ing for the baPWV, PAC, ARR at screening, E/E’, HbA1c,
HOMA-IR, and addition of alpha-blockers (Table 5).

These results suggest that the PAC after the saline-
loading test, the ARR after the captopril-challenge test, and
the PRA after the upright furosemide-loading test can be
determined by different predictors.

Finally, we examined whether the four equations
obtained from the multivariate regression analysis of sur-
rogate markers could estimate the PAC after the saline-
loading test, the 60 and 90 min ARRs after the captopril-
challenge test, and the PRA after the upright furosemide-
loading test. The equations were as follows: (1) saline PAC
= 13.3+ 0.485*PAC−3.38*K+ 0.024*ARR; (2) 60 min
ARR=−46.92+ 0.0363*β2-microglobulin+ 4.302*PAC
+ 0.5815*LVMI−108.7*PRA; (3) 90 min ARR=−35.01
+ 0.0708*β2-microglobulin+ 3.631*PAC+
0.3746*LVMI−90.0*PRA; and (4) furosemide PRA=
3.855−4.342*RI. The estimated saline PAC and the cap-
topril 60 and 90 min ARRs were highly correlated with the
real saline PAC and the captopril 60 and 90 min ARRs (r=
0.800, P < 0.000001; r= 0.833, P < 0.000001; and r=
0.898, P < 0.000001, respectively; Fig. 3a–c). However, the
estimated PRA after the upright furosemide-loading test
was only mildly correlated with the real values (r= 0.361,
P < 0.001), and the values were underestimated compared
with the real values (Fig. 3d).

Diagnostic ability of the APA with the PAC, PRA and
ARR at screening, serum potassium, LVMI, urine β2-
microglobulin, and RI and each of confirmatory tests

ROC curve analyses based on the areas under the ROC
curves (AUCs) were performed to compare the diagnostic
abilities of each of the predictors for the confirmatory tests

BA
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0
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R

EHT IHA APA EHT IHA APA

12.4±5.3
17.0±7.0*

35.5±19.2*†

34.6±18.9
53.0±38.5*

228.8±211.3*†

Fig. 2 PAC and ARR in EHT, IHA, and APA patients. Dot plot
showing the distribution of the PAC (a) and ARR (b) with the mean
value ± SD. *P < 0.05 vs. EHT, **P < 0.05 vs. IHA. APA aldosterone-

producing adenoma, ARR aldosterone-to-renin ratio, EHT essential
hypertension, IHA idiopathic hyperaldosteronism, PAC plasma
aldosterone concentration
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and the PAC, ARR, and PRA in each of the diagnostic tests
(Table 6 and Fig. 4). In these indices, the PAC values at
screening and after the saline-loading test were demon-
strated to have the highest diagnostic abilities, with AUCs
of 0.851 and 0.908 at cut-off values of 21.6 and 15.2 ng/dl,
respectively; these values corresponded to sensitivities of
75.0 and 90.0% and specificities of 80.2 and 90.0%,
respectively (Table 6).

Discussion

A total of 128 consecutive hypertensive patients with an
ARR > 20 were recruited, of whom 102 patients, includ-
ing 27 EHT, 59 IHA, and 16 APA cases, were analyzed

(Fig. 1). The PAC at screening was found to be a stron-
g independent predictor of the results of two representa-
tive confirmatory tests for PA: the saline-loading test
and the captopril-challenge test (Table 5). Conversely,
the renal RI was the only independent predictor of
the upright furosemide-loading test result (Table 5).
This test is not usually used in the USA and European
countries, but a significant elevation of the aldosterone
concentration (>1400 ng/dl [6] after stimulation
by adrenocorticotropic hormone, ACTH) was observed
in all patients who underwent adrenal venous sampling
after diagnosis with PA by a positive result only in
the upright furosemide-loading test (data not shown).
Thus, the determinants can differ among confirmatory
examinations.

Table 2 Electrocardiography,
ankle pulse wave velocity,
echography, reactive hyperemia
peripheral arterial tonometry,
and overnight blood pressure
reduction in EHT, IHA, and
APA

All, n= 102 EHT, n= 27 IHA, n= 59 APA, n= 16

Vascular

ABI 1.19 ± 0.09 1.15 ± 0.11 1.19 ± 0.08 1.21 ± 0.10

baPWV, cm/s 1577 ± 304 1495 ± 282 1606 ± 322 1602 ± 250

Carotid artery echo, max IMT, mm 1.46 ± 0.66 1.38 ± 0.79 1.53 ± 0.57 1.38 ± 0.68

RHI in EndoPAT 1.91 ± 0.57 2.03 ± 0.46 1.94 ± 0.58 1.57 ± 0.69

Heart

RV5+ SV1 in ECG, mV 2.98 ± 0.84 2.85 ± 0.68 3.01 ± 0.86 3.10 ± 1.01

Echocardiography

LAD, mm 36.2 ± 5.3 36.0 ± 4.7 36.2 ± 5.3 36.7 ± 6.8

LVDd, mm 47.2 ± 5.1 46.7 ± 4.8 47.3 ± 5.3 48.1 ± 5.3

LVDs, mm 29.1 ± 4.1 29.0 ± 4.3 28.8 ± 3.9 30.5 ± 4.5

IVST, mm 9.9 ± 1.4 9.6 ± 1.2 9.9 ± 1.5 10.7 ± 1.6*

PWT, mm 9.9 ± 1.5 9.4 ± 1.2 10.0 ± 1.5 10.5 ± 2.2

LVEF, % 74 ± 13 75 ± 13 73 ± 12 77 ± 18

LVMI, g/m2 95 ± 34 84 ± 19 98 ± 35 110 ± 51*

E wave, cm/s 63.3 ± 14.4 60.9 ± 12.0 64.4 ± 15.2 63.6 ± 16.1

A wave, cm/s 70.1 ± 18.7 74.1 ± 21.2 66.1 ± 15.8 79.1 ± 22.0

E to A ratio 0.98 ± 0.38 0.89 ± 0.35 1.04 ± 0.40 0.86 ± 0.30

Deceleration time, ms 220 ± 56 212 ± 59 227 ± 58 206 ± 40

septal E’, cm/s 8.8 ± 3.5 9.2 ± 3.4 8.9 ± 3.5 7.2 ± 3.3

E to E’ ratio 8.2 ± 3.5 7.7 ± 3.6 8.1 ± 3.2 10.3 ± 4.5

Kidney

Renal artery echography

Renal aortic ratio 1.10 ± 0.43 1.31 ± 0.37 1.01 ± 0.40* 1.08 ± 0.53

Resistive index (RI) 0.60 ± 0.07 0.56 ± 0.07 0.61 ± 0.06* 0.62 ± 0.07

Blood pressure variation

Overnight reduction in systolic blood pressure,
%

6.7 ± 7.5 8.8 ± 8.3 6.5 ± 6.9 2.9 ± 8.2

Values are mean ± SD or n (%).

ABI ankle brachial index, APA aldosterone-producing adenoma, baPWV brachial ankle pulse wave velocity,
ECG electrocardiography, EHT essential hypertension, IHA idiopathic hyperaldosteronism, IMT intima
medial thickness, IVST interventricular septal wall thickness, LAD left atrial dimension, LVDd left ventricular
end-diastolic dimension, LVDs left ventricular end-systolic dimension, LVEF left ventricular ejection
fraction, LVMI left ventricle mass index, PAT peripheral arterial tonometry, PWT posterior wall thickness,
RHI reactive hyperemia index. *P < 0.05 vs. EHT, **P < 0.05 vs. IHA.
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Left ventricular hypertrophy is a well-known surrogate
marker for cardiovascular events caused by hypertension
[13]. Indeed, the IVST and LVMI were increased in APA
compared with EHT patients (Table 2). This increase was
not accompanied by the diagnostic criteria for LVH on the
ECG (Table 2). Furthermore, LVMI was an independent
predictor of the ARR 60 and 90 min after the captopril-
challenge test in all patients (Table 5). LVH leads to a
decreased E’ wave velocity, LA dilatation, and E/E’ ele-
vation via diastolic dysfunction [14]. Indeed, the univariate
regression analysis showed that E/E’ was a predictor for the
PA confirmatory test results, including the saline-loading
test and the upright furosemide-loading test (Table 5). Yang
et al. reported that PA patients had a higher E/E’ than EHT
patients despite having similar LV dimensions and wall
thicknesses [15]. We observed that the E/E’ was more
increased in APA than in EHT and IHA patients with
marginal significance (p= 0.10, Table 2). Thus, diastolic
dysfunction may progress earlier in APA than in IHA
patients. These results may be of interest, given that PA
patients have a higher prevalence of AF, with an adjusted
odds ratio of 5.0 in a controlled cross-sectional study [16].

Urinary excretion of proteins, such as albumin and β2-
microglobulin, is known to be a renal surrogate marker of
hypertension [17]. How PA induces renal damage is
unknown, but mineralocorticoid receptor blockers have
been shown to prevent the progression of mild-to-moderate
chronic kidney disease [18]. U-Alb/gCre was more
increased in the APA and IHA patients than in the EHT
patients (Table 3). The level of β2-microglobulin was more
increased in the APA group than in the IHA and EHT

Table 3 Laboratory test results
in EHT, IHA, and APA

All, n= 102 EHT, n= 27 IHA, n= 59 APA, n= 16

Laboratory measurements

BNP, pg/ml 20.8 ± 21.7 17.4 ± 13.4 23.3 ± 26.2 16.6 ± 8.8

eGFR, ml/min/1.73 m2 80 ± 19 83 ± 15 78 ± 19 86 ± 27

Cystatin C, mg/l 0.84 ± 0.16 0.79 ± 0.12 0.88 ± 0.16 0.81 ± 0.20

Fasting glucose, mg/dl 97 ± 15 91 ± 10 100 ± 16* 88 ± 8**

HbA1c, % 5.6 ± 0.5 5.5 ± 0.4 5.7 ± 0.5* 5.6 ± 0.6

Insulin, μU/ml 9.8 ± 11.2 7.7 ± 5.8 11.4 ± 13.2 5.5 ± 4.0**

HOMA-IR 2.33 ± 2.66 1.66 ± 1.33 2.76 ± 3.11 1.28 ± 1.08**

Low-density lipoprotein, mg/dl 117 ± 31 121 ± 39 119 ± 28 103 ± 27

High-density lipoprotein, mg/dl 60 ± 16 60 ± 14 61 ± 18 58 ± 14

Triglyceride, mg/dl 140 ± 79 149 ± 90 137 ± 73 141 ± 86

U-Alb/gCre, mg/g 66.5 ± 181.6 20.8 ± 29.3 78.9 ± 226.7* 97.0 ± 120.1*,**

Urine β2-microglobulin, μg/l 334 ± 559 262 ± 212 349 ± 680 387 ± 285**

Values are mean ± SD.

APA aldosterone-producing adenoma, BNP brain natriuretic peptide, eGFR estimated glomerular filtration
rate; EHT essential hypertension; HOMA-IR homeostasis model assessment insulin resistance, IHA
idiopathic hyperaldosteronism, U-Alb/gCre urine albumin to gram creatinine ratio. *P < 0.05 vs. EHT, **P <
0.05 vs. IHA.

Table 4 Univariate and multivariate regression analyses of PAC, PRA,
and ARR at screening with clinical variables in EHT, IHA, and APA

Variables Univariate Multivariate

β P value β P value

PAC

ABI 0.255 0.013 0.282 0.005

IVST 0.270 0.012

PWT 0.269 0.012

LVMI 0.268 0.013

HbA1c −0.217 0.037

Adrenal tumor 0.292 0.003

K −0.399 0.00004 −0.274 0.010

Alpha-blockers 0.391 0.00006 0.330 0.002

PRA

Weight 0.220 0.027

SBP 0.212 0.037

DBP 0.250 0.013 0.400 0.002

RAR −0.242 0.029

HOMA-IR 0.275 0.021

ARR

IVST 0.247 0.022

K −0.347 0.0004

HbA1c −0.250 0.016

Adrenal tumor 0.334 0.001

Alpha-blockers 0.382 0.00009 0.452 0.00004

ABI ankle brachial index, APA aldosterone-producing adenoma, ARR
aldosterone-to-renin ratio, DBP diastolic blood pressure, EHT essential
hypertension, HOMA-IR homeostasis model assessment insulin
resistance, IHA idiopathic hyperaldosteronism, IVST interventricular
septal wall thickness, K serum potassium, LVMI left ventricle mass
index, PAC plasma aldosterone concentration, PWT posterior wall
thickness, PRA plasma renin activity, RAR renal aortic ratio, SBP
systolic blood pressure.
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groups and was an independent predictor of the ARR 60
and 90 min after the captopril-challenge test (Table 5).
Interestingly, for the PA diagnostic test, urine β2-
microglobulin was a stronger predictor than albumin
(Table 5). Thus, measuring the urinary excretion of both
albumin and β2-microglobulin is important when evaluating
the possibility of PA in hypertensive patients.

Renal vascular flow estimated by the RI and RAR is also
important when assessing hypertensive renal organ damage
in patients with hypertension [19]. An increased RI has
been reported to be associated with an increased risk of
cardiovascular and renal events in hypertensive patients
[20]. The RI was an independent predictor of the PRA
results after the upright furosemide-loading test (Table 5).
The RI was higher in IHA patients than in those with EHT
(Table 2). An increased RI and RAR without renal arterial
stenosis leads to glomerular hyperfiltration. Indeed, in
patients with PA, urinary albumin excretion has been
reported to occur in association with a state of decreased
intrarenal vascular resistance and glomerular hyperfiltration
resulting from aldosterone-induced sodium retention [21].
Furthermore, recently RI was reported to be an independent
predictor of blood pressure in patients with APA after
adrenalectomy [22]. Therefore, we should assess and
follow-up renal vascular flow in patients with PA.

The fasting glucose level was significantly higher in the
IHA than in the EHT and APA patients (Table 3), and
HbA1c and the prevalence of DM were higher in the IHA
than in the EHT patients with marginal significance
(Tables 1 and 3). These results are consistent with previous
reports [23, 24]. In addition, the prevalence of PA has been
reported to be higher in patients with DM [25]. However,
these diabetic parameters were predictors of the upright

Table 5 Univariate and multivariate regression analyses of PAC after
the saline-loading test, ARR 60 and 90 min after the captopril-
challenge test, and PRA after the upright furosemide-loading test with
clinical variables in EHT, IHA, and APA

Variables Univariate Multivariate

β P value β P value

PAC after saline-loading test

Male 0.303 0.017

PAC 0.749 <0.000001 0.589 <0.000001

PRA −0.261 0.041

ARR 0.702 <0.000001 0.264 0.011

K −0.558 0.000002 −0.173 0.015

IVST 0.415 0.002

PWT 0.318 0.019

LVDs 0.282 0.035

LVMI 0.517 0.000062

E/E’ 0.292 0.032

Urine β2-microglobulin 0.266 0.047

Adrenal tumor 0.370 0.003

IHD 0.507 0.00004

Alpha-blockers 0.274 0.032

ARR 60 min after captopril-challenge test

Male 0.259 0.010

ABI 0.256 0.013

PAC 0.534 <0.000001 0.516 <0.000001

PRA −0.391 0.00007 −0.364 0.000003

ARR 0.605 <0.000001

K −0.352 0.0004

RV5+SV1 in ECG, mV 0.301 0.003

IVST 0.340 0.001

PWT 0.341 0.001

LVMI 0.392 0.0002 0.261 0.001

HbA1c −0.279 0.008

U-Alb/gCre 0.268 0.011

Urine β2-microglobulin 0.507 0.000004 0.328 0.00007

Adrenal tumor 0.320 0.001

CKD 0.238 0.019

Alpha-blockers 0.417 0.00003

ARR 90 min after captopril-challenge test

Male 0.248 0.013

ABI 0.238 0.021

PAC 0.527 <0.000001 0.398 <0.000001

PRA −0.368 0.0002 −0.272 0.000004

ARR 0.571 <0.000001

K −0.350 0.0004

RV5+ SV1 in ECG, mV 0.284 0.004

IVST 0.333 0.002

PWT 0.290 0.007

LVMI 0.333 0.002 0.154 0.02

HbA1c −0.252 0.016

U-Alb/gCre 0.337 0.001

Urine β2-microglobulin 0.683 <0.000001 0.584 <0.000001

Adrenal tumor 0.300 0.002

Duration of hypertension 0.230 0.027

CKD 0.340 0.001

Alpha-blockers 0.383 0.00009

PRA after upright furosemide-loading test

baPWV −0.278 0.009

Table 5 (continued)

Variables Univariate Multivariate

β P value β P value

PAC −0.250 0.016

ARR −0.278 0.007

E/E’ −0.260 0.018

RI −0.367 0.001 −0.283 0.042

HbA1c −0.229 0.035

HOMA-IR 0.254 0.036

Alpha-blockers −0.242 0.020

ABI ankle brachial index, APA aldosterone-producing adenoma, ARR
aldosterone-to-renin ratio, baPWV brachial ankle pulse wave velocity,
CKD chronic kidney disease, ECG electrocardiography, EHT essential
hypertension, HOMA-IR homeostasis model assessment insulin
resistance, IHA idiopathic hyperaldosteronism, IVST interventricular
septal wall thickness, K serum potassium, LVDs left ventricle end-
systolic diameter, LVMI left ventricle mass index, PAC plasma
aldosterone concentration, PWT posterior wall thickness, RI resistive
index.
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furosemide-loading confirmatory test for the diagnosis of
PA only in the univariate analysis (Table 5). Thus, further
studies are needed to evaluate why and when DM is asso-
ciated with PA.

The relationships of endothelial dysfunction as indicated
by the RHI in the EndoPAT and sleep apnea syndrome as
indicated by the AHI or nocturnal blood pressure dips,
which have been reported to contribute to PA, with the
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Fig. 3 Scatterplots showing the
relationships between the real
values and estimated values
calculated by surrogate markers
for each diagnostic test. a
Estimated and real PAC after the
saline-loading test, b, c
estimated and real ARR after the
captopril-challenge test, and d
estimated and real PRA after the
upright furosemide-loading test.
APA aldosterone-producing
adenoma, ARR aldosterone-to-
renin ratio, captopril 60 or 90
min ARR ARR 60 or 90 min
after the captopril-challenge test,
EHT essential hypertension,
IHA idiopathic
hyperaldosteronism, PAC
plasma aldosterone
concentration, saline PAC PAC
after the saline infusion test,
PRA plasma renin activity,
furosemide PRA PRA after the
upright furosemide-loading test

Table 6 Receiver operating
characteristic (ROC) curve
values of predictive factors in
discriminating APA from IHA
and EHT with ARR greater than
20

Variables AUC (95% CI) Sensitivity (%) Specificity (%) Cut-off
point

PAC at screening, ng/dl 0.851 (0.735–0.966) 75.0 80.2 21.6

PRA at screening, ng/ml/h 0.674 (0.514–0.835) 50.0 77.9 0.35

ARR at screening 0.817 (0.672–0.962) 75.0 74.4 52.8

K, mg/dl 0.769 (0.619–0.918) 62.5 93.0 3.45

LVMI, g/m2 0.576 (0.355–0.798) 60.0 62.8 94.6

Urine β2-microgrolubin, μg/l 0.692 (0.532–0.853) 80.0 65.6 229.5

RI 0.594 (0.425–0.762) 69.2 44.0 0.575

PAC after saline-loading test 0.908 (0.789–1.000) 90.0 90.0 15.2

ARR 60 min after captopril-
challenge test

0.832 (0.731–0.933) 80.0 71.1 29.3

ARR 90 min after captopril-
challenge test

0.870 (0.791–0.948) 75.0 81.0 42.2

PRA after upright furosemide-
loading test

0.842 (0.737–0.947) 80.0 73.1 0.55

APA aldosterone-producing adenoma, ARR aldosterone-to-renin ratio, AUC area under the ROC curves, CI
confidence interval, EHT essential hypertension, IHA idiopathic hyperaldosteronism, K serum potassium,
LVMI left ventricle mass index, N/D not determined, PAC plasma aldosterone concentration, PRA plasma
renin activity, RI resistive index.
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confirmatory tests for PA were also examined [26, 27].
However, in this study, no relationships of these markers
with the PAC, PRA, and ARR at screening and in the
confirmatory tests were found (Tables 4 and 5). Further
studies are necessary to show the relationships between PA
and these conditions.

The ROC curve analysis showed that the PAC at
screening among each of predictor for the diagnostic tests

of PA and the PAC after the saline-loading test among
each of the diagnostic tests had the highest diagnostic
abilities for APA. The optimal cut-off points of 21.6 and
15.2 ng/dl may be useful. Interestingly, a recent report
indicated that circadian variation in the PAC and the PAC
at 6 a.m. had the highest diagnostic abilities for unilateral
hyperaldosteronism from IHA, with an AUC of 0.922 at a
cut-off point of 21.75 ng/dl [28]. Other important
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Fig. 4 Receiver operating characteristic (ROC) curves for analysis of
the diagnostic value of each predictor for differentiation of APA
patients from patients with EHT and IHA with an ARR greater than
20. APA aldosterone-producing adenoma, ARR aldosterone-to-renin
ratio, captopril 60 or 90 min ARR ARR 60 or 90 min after the
captopril-challenge test, EHT essential hypertension, IHA idiopathic
hyperaldosteronism, LVMI left ventricle mass index, PAC plasma
aldosterone concentration, saline PAC PAC after the saline infusion
test, PRA plasma renin activity, furosemide PRA PRA after the
upright furosemide-loading test, RI resistive index, ABI ankle brachial
index, ABPM ambulatory blood pressure monitoring, ACTH adreno-
corticotropic hormone, AHI apnea and hypopnea index, ARR

aldosterone-to-renin ratio, AUC area under the ROC curves, AVS
adrenal venous sampling, baPWV brachial ankle pulse wave velocity,
BNP brain natriuretic peptide, DM diabetes mellitus, ECG electro-
cardiography, eGFR estimated glomerular filtration rate, HOMA-IR
homeostasis model assessment insulin resistance, IHA idiopathic
hyperaldosteronism, IMT intima medial thickness, IVST inter-
ventricular septal wall thickness, LAD left atrial dimension, LVMI left
ventricle mass index, PAC plasma aldosterone concentration, PRA
plasma renin activity, PWT posterior wall thickness, RAR renal aortic
ratio, RHI reactive hyperemia index, RI resistive index, ROC receiver
operating characteristic, U-Alb/gCre urine albumin to gram creatinine
ratio
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prediction scores have also been proposed, although these
studies were retrospective [29–31].

In summary, the PAC at screening was a strong pre-
dictor for the diagnostic saline-loading and captopril-
challenge test results. The PRA at screening and urine β2-
microglobulin were also good predictors for the captopril-
challenge test results. The equations used to estimate the
saline PAC and the ARR 60 and 90 min after the
captopril-challenge test appear useful. The RI in the renal
interlobar arteries was the only predictor for the upright
furosemide-loading test. However, the equation for the
PRA after the upright furosemide-loading test was not
acceptable. Further studies are necessary to derive better
equations for these diagnostic tests. The IHA patients
were older and frequently had impaired glucose tolerance,
increased urinary excretion of albumin, and an elevated
RI. Conversely, the APA patients had diastolic dysfunc-
tion (E/E’) and marked elevation of blood pressure, which
was often uncontrollable without the addition of alpha-
blockers to calcium channel antagonists, and contributed
to the diagnostic test for PA. Thus, patient characteristics
and diagnostic predictors may differ among diagnostic
tests. We should take these differences into consideration
and follow-up the different effects of aldosterone on the
characteristics of patients in terms of the PA etiology.
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