Diagnostic Accuracy of Computed Tomography in Predicting Primary Aldosteronism Subtype According to Age
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Abstract
Background
Guidelines by the Endocrine Society Guideline on bypassing adrenal vein sampling (AVS) in patients <35 years old with marked primary aldosteronism (PA) (hypokalemia and elevated plasma aldosterone concentration [PAC]) and a unilateral lesion on computed tomography (CT) are based on limited number of studies. We aimed to determine the accuracy of CT in PA patients according to age.

Methods
In this retrospective study, we investigated the concordance between CT and AVS in 466 PA patients from two tertiary centers who successfully underwent AVS.

Results
CT had an overall accuracy of 64.4% (300/466). In the group with unilateral lesion, patients with hypokalemia had higher concordance than those without hypokalemia (85.0% vs. 43.6%, P<0.001). In the group with marked PA (hypokalemia and PAC >15.9 ng/dL) and unilateral lesion, accuracy of CT was 84.6% (11/13) in patients aged <35 years; 100.0% (20/20), aged 35 to 39 years; 89.4% (59/66), aged 40 to 49 years; and 79.8% (79/99), aged ≥50 years. Cut-off age and PAC for concordance was <50 years and >29.6 ng/dL, respectively. The significant difference in accuracy of CT in 198 patients with marked PA and a unilateral lesion between the <50-year age group and ≥50-year age group (90.9% vs. 79.8%, P=0.044) disappeared in 139 of 198 patients with PAC > 30.0 ng/dL (91.9% vs. 87.7%, P=0.590).

Conclusion
Patients with hypokalemia, PAC >30.0 ng/dL, and unilateral lesion were at high risk of unilateral PA regardless of age.
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INTRODUCTION
Primary aldosteronism (PA) is the most common cause of secondary hypertension (HTN), affecting 5% to 10% of hypertensive patients [1], increasing various cardiovascular complications [2–4]. Accurate diagnosis of PA subtype is important because unilateral types (unilateral aldosterone-producing adenoma [APA] or unilateral adrenal hyperplasia) can be treated with adrenalectomy, while bilateral types (bilateral adrenal hyperplasia or bilateral APA) are treated with mineralocorticoid receptor antagonists [1]. Adrenal venous sampling (AVS) is the standard procedure for diagnosing PA subtype [1,5]. However, its use is limited due to its invasive nature, high cost, and the need for technical expertise [5]. Thus, indications for AVS must be optimized by predicting the subtype using an alternative procedure.
Although diagnostic accuracy of adrenal computed tomography (CT) for subtype diagnosis is inadequate [6–11], adrenal CT is widely available and less expensive than AVS. Furthermore, score-based algorithms combining CT findings with clinical and biochemical parameters such as age, sex, serum potassium, plasma aldosterone concentration (PAC), PAC to plasma renin activity (PRA) ratio (aldosterone-to-renin ratio [ARR]), estimated glomerular filtration rate (eGFR), and the results of confirmatory tests have been developed to predict the PA subtype [8,12–19]. The 2016 Endocrine Society clinical practice guidelines published recommended use of adrenal CT as initial work up to determine PA subtype and exclude adrenal carcinomas [1]. Moreover, patients aged <35 years with marked PA (spontaneous hypokalemia and markedly elevated PAC) and unilateral lesion on CT scan may not require AVS before proceeding to adrenalectomy [1]. This suggestion is based on data from one published report: a case series of all six patients aged <35 years with spontaneous hypokalemia, PAC >30 ng/dL, and unilateral lesion on CT showed complete concordance between CT and AVS [8]. Only one published study reported that patients with unilateral lesion on CT who had hypokalemia or high eGFR could avoid AVS when the cut-off age was 40 years because of the complete concordance between CT and AVS findings in these 28 patients [12] by validation of the clinical prediction score proposed by Kuper et al. [14]. The Japan Primary Aldosteronism Study (JPAS) validated the suggestion from the Endocrine Society guideline [1] on bypassing AVS in a subgroup with a cut-off value for age of <35 years because of the accurate diagnosis of unilateral PA in 30 patients with hypokalemia, PAC >15.9 ng/dL, and unilateral lesion on CT [10]. However, accurate diagnosis by CT in 34 of 39 (87.2%) patients aged 35 to 40 years with hypokalemia, PAC >15.9 ng/dL, and unilateral lesion on CT in the study of JPAS could not lead to the conclusion that AVS can be avoided in these patients. Therefore, JPAS suggested further validation was needed in the subgroup of patients aged 35 to 40 years [10].
We aimed to investigate the accuracy of adrenal CT in determining PA subtype and validate it in patients with marked PA and unilateral lesion on CT according to age to search the subgroup of PA patients for bypassing AVS.

METHODS
Subjects
This retrospective study enrolled 676 PA patients in two centers in Korea; one center from 2000 to 2018 (n=363) [20], and the other from 2007 to 2016 (n=313) [21] using the de-identified clinical database [22]. The present study was approved by the Institutional Review Board of Seoul National University Hospital and Asan Medical Center (no. H-1801-010-911, and no. 2016-0254), and was conducted observing guidelines from the Declaration of Helsinki. The requirement for obtaining an informed consent was waived due to the retrospective nature of the study.

Assessment of anthropometric and biochemical parameters
Data regarding age, sex, body mass index (BMI), blood pressure (BP), PRA, PAC, serum potassium and creatinine levels, and eGFR (calculated using the Modification of Diet in Renal Disease equation) [23] were collected. Dose of antihypertensive medications was expressed as defined daily dose (DDD), which is the assumed average maintenance dose per day for a drug used for its main indication in adults, according to World Health Organization Anatomical Therapeutic Chemical (ATC)/DDD Index 2019 [24].
PRA was measured by radioimmunoassay (RIA) using either Renin RIA beads (TFB Inc., Tokyo, Japan) at Seoul National University Hospital (SNUH) before 2011 or a PRA RIA kit (TFB Inc.) at SNUH after 2011 and at Asan Medical Center. PAC was determined by RIA using the SPAC-S Aldosterone kit (TFB Inc.). Intra-and inter-assay coefficients of variation for all assays were 5% and 10%, respectively.
Serum potassium concentration was measured using a Roche ISE Standard Low/High (Roche Diagnostics, Mannheim, Germany) ion selective electrode (ISE) and a Cobas 8000 ISE analyzer (Roche Diagnostics) in both center. The intra-assay and inter-assay coefficients of variation were 0.5% and 1.6%.

Diagnosis of PA
Confirmatory testing was performed in patients with HTN with high ARR ≥20 and a PAC of >15 ng/dL. PA was confirmed using saline infusion test [1]. Treatment with diuretics and mineralocorticoid receptor antagonists was discontinued >6 weeks prior to confirming the diagnosis, while treatment with beta-adrenergic receptor blockers was discontinued >2 weeks prior. After shifting from these drugs to calcium channel blockers or alpha-adrenergic receptor blockers, BP monitoring was performed. If BP was unsatisfactorily controlled with the previous two classes of drug, the addition of angiotensin II receptor blockers and angiotensin-converting enzyme inhibitors was considered.

Definition of hypokalemia, marked PA, and adrenal lesion on CT
Hypokalemia was defined as a serum potassium level of <3.5 mEq/L, which was minimal level in available potassium data. Elevated aldosterone level was defined as PAC of >15.9 ng/dL and was suggested as the upper limit of normal by the JPAS [10]. Hypokalemia and PAC >15.9 ng/dL indicated marked PA. All patients underwent thin-slice (1 to 3 mm thick) adrenal CT. The findings were evaluated by radiologists in each institution who classified them into unilateral lesion, bilaterally normal, and bilateral lesions. Adrenal lesion of CT was defined as a nodule or hyperplasia if adrenal gland thickness measured ≥7 mm in diameter [25]. Appearance was considered normal if nodule size or adrenal gland thickness was <7 mm. CT was conducted before AVS in routine clinical practice and was carried out in patients with a clinical diagnosis of or with suspected PA but in the absence of AVS data.

AVS and definition of an accurate diagnosis on CT
The subtype of PA was determined based on the AVS results under adrenocorticotropic hormone stimulation [1,5]. Successful adrenal vein cannulation was defined as a selectivity index (SI, i.e., the ratio of cortisol concentration in the adrenal vein and to that in the inferior vena cava) of ≥3. To determine the PA subtype, we used the lateralization index (LI), which was calculated by dividing aldosterone to cortisol ratio on the dominant side by that on the non-dominant side. Patients with unilateral PA had a LI of >4, while those with bilateral PA had a LI of <3. LI with intermediate values (3≤ LI ≤4) indicated a gray zone between the two conditions.
The CT diagnosis was considered accurate when the CT findings are concordant with the AVS findings.

Statistical analysis
Data were expressed as the median (interquartile range [IQR]) or number (percentage), unless stated otherwise. Clinical characteristics were compared among patients with unilateral lesion, bilateral normal results, and bilateral lesion on CT. Clinical characteristics according to CT findings were compared using Mann-Whitney U test for continuous variables and Fisher’s exact test for categorical variables. Analysis of group difference was performed using the two afore mentioned tests with post hoc Bonferroni correction; α<0.017 was considered significant after correction for multiple testing (α=0.05/3=0.017).
We compared diagnostic concordance rate between CT and AVS findings in PA patients according to potassium status (normokalemia vs. hypokalemia).
Using the variables that were different or tended to be different between the concordance and discordance groups, a univariate logistic regression analysis was performed to find the variables associated with the concordance between CT and AVS findings. Multivariate logistic regression analysis was then used to identify independent predictors of concordance among the variables were significant in the univariate analysis.
To evaluate the ability of age, serum potassium, PAC, and nodule size predictive of concordance of diagnosis between CT and AVS findings for PA patients with marked PA and unilateral lesion on CT, receiver-operating characteristics (ROC) curve analysis with the area under the ROC curve (AUC) was performed. The cut-off values for age, serum potassium, PAC, and nodule size predictive of concordance were calculated using Youden’s index [26]. Additionally, we compared diagnostic accuracy of CT in patients with marked PA and unilateral lesion on CT stratified by age (< 35, 35–39, 40–49, and ≥50 years).
We also compared diagnostic accuracy of CT in patients with hypokalemia, PAC >30.0 ng/dL, and unilateral lesion on CT by age (<35, 35–39, 40–49, and ≥50 years).
Then, we compared clinical characteristics of patients with marked PA and those with unilateral lesion on CT by age: <40, 40–49, and ≥50 years; <50 and ≥50 years; <35 and 35–39 years; and <40 and 40–49 years. Statistical analyses were performed using SPSS version 18.0 (IBM Inc., Armonk, NY, USA). A P value of <0.05 was considered significant.


RESULTS
Among 676 eligible PA patients, 466 successfully underwent AVS and had complete data including clinical characteristics and laboratory and CT findings. In total, 210 patients with no data on AVS (n=80), unsuccessful cannulation by SI (n=93), and intermediate LI values on AVS (n=37) were excluded (Supplemental Fig. S1). Considering 37 patients with intermediate LI values (3≤ LI ≤4) on AVS as bilateral PA, diagnostic accuracy of CT was 18.9% (7/37; three patients with bilateral lesion and four patients with bilateral normal results on CT).
Patients’ clinical characteristics are shown in Table 1. Median age was 51 years. Approximately 51.1% (228/466) of patients had hypokalemia; 79.8% (372/466) had unilateral lesion on CT, while 11.8% (55/466) had bilateral normal results on CT. Significant differences were observed in age (P=0.003), DDD of antihypertensive drugs (P=0.039), serum potassium levels (P< 0.001), prevalence of hypokalemia (P<0.001), PAC (P=0.001), and ARR (P=0.012) among patients with unilateral lesion, bilateral normal results, and bilateral lesions on CT.
Table 1 Baseline Characteristics of Patients Categorized by CT Findings (n=466)
	Variable	Total (n=466)	Unilateral lesion (n=372)	Bilateral normal (n=55)	Bilateral lesion (n=39)	P value
	Age, yr	51.0 (43.0–59.0)	51.0 (43.5–59.0)	47.0 (36.0–60.5)	58.0 (51.0–64.0)b,c	0.003
	Female sex	231 (49.6)	189 (50.8)	28 (50.9)	14 (35.9)	0.204
	Height, cm	163.7 (157.6–170.0)	163.3 (157.4–169.8)	163.3 (156.2–170.9)	167.6 (160.2–172.4)	0.145
	Weight, kg	67.4 (57.9–76.5)	67.1 (57.3–76.1)	66.0 (57.2–75.8)	71.5 (64.5–80.1)	0.077
	BMI, kg/m2	25.2 (22.7–27.3)	25.2 (22.6–27.2)	24.6 (22.3–26.7)	25.9 (24.1–28.0)	0.122
	Systolic BP, mm Hg	142.0 (131.0–156.0)	142.0 (132.0–155.0)	150.0 (131.5–160.0)	135.0 (125.5–153.5)	0.082
	Diastolic BP, mm Hg	90.0 (81.0–98.0)	90.0 (81.0–97.0)	91.0 (81.0–100.0)	87.0 (77.5–97.0)	0.262
	Antihypertensive drug, DDD	2.0 (1.0–3.4)	2.0 (1.0–3.5)	1.0 (0.0–2.7)a	2.0 (1.0–3.5)	0.039
	eGFR, mL/min/1.73 m2	88.3 (75.2–104.5)	88.0 (75.8–103.5)	90.1 (74.8–107.3)	84.7 (73.5–110.2)	0.838
	Serum potassium, mEq/L	3.4 (3.0–4.0)	3.3 (2.9–3.9)	3.9 (3.5–4.2)a	3.6 (3.0; 4.2)	<0.001
	Hypokalemia	228 (51.1)	207 (55.6)	12 (21.8)a	19 (48.7)c	<0.001
	PAC, ng/dL	30.5 (23.4–45.2)	31.3 (24.1–47.2)	26.3 (19.7–34.0)a	28.9 (21.9;41.9)	0.001
	PRA, ng/mL/hr	0.2 (0.1–0.4)	0.2 (0.1–0.4)	0.2 (0.1–0.5)	0.2 (0.2–0.3)	0.321
	ARR, ng/dL per ng/mL/hr	146.5 (75.3–300.0)	163.0 (76.2–320.5)	96.0 (57.9–192.6)a	130.0 (91.0–239.2)	0.012
	Nodule size on CT, cm	1.5 (1.1–1.8)	1.5 (1.1–1.8)	NA	1.5 (1.1–1.8)	0.182


Values are expressed as median (interquartile range) or number (%). α<0.017 was considered to be statistically significant after post hoc Bonferroni correction for multiple testing (α=0.05/3=0.0167).
aα<0.017 unilateral lesion vs. bilateral normal;
bα<0.017 unilateral lesion vs. bilateral lesion;
cα<0.017 bilateral normal vs. bilateral lesion.
CT, computed tomography; BMI, body mass index; BP, blood pressure; DDD, defined daily dose; eGFR, estimated glomerular filtration rate; PAC, plasma aldosterone concentration; PRA, plasma renin activity; ARR, aldosterone-to-renin ratio; NA, not applicable.


Overall prevalence of unilateral PA on AVS was 66.3% (309/466 patients) (Table 2). When including only PA patients with SI >5, diagnostic accuracy of CT was 63.7% (279/438), so there was no significant difference in diagnostic accuracy of CT between SI >3 and SI >5 (P=0.851). Prevalence of unilateral PA by AVS was higher in patients with unilateral lesion (71.8%, 267/372) than in those with bilateral normal results on CT (34.5%, 19/55, P<0.001) (Table 2). Although CT findings were significantly associated with diagnosis of PA subtype by AVS, overall diagnostic accuracy of CT was 64.4% (300/466) (Table 2). Approximately 5.1% (19/372) of patients with unilateral lesion on CT showed unilateral PA on AVS on the contralateral adrenal gland (Table 2). Clinical characteristics of 19 PA patients with unilateral PA showing discordant lateralization to contralateral adrenal gland on AVS and unilateral lesion on CT are shown in Supplemental Methods and Supplemental Table S1.
Table 2 Diagnostic Concordance Rate between CT and AVS Findings in Patients with PA (n=466)
	CT findings	AVS findings	Concordance of CT findings	Prevalence of unilateral PA on AVS
	


	Unilateral	Bilateral
	


	Right	Left
	Unilateral lesion (n=372)				66.7 (248/372)	71.8 (267/372)
	 Right (n=140)	97	8	35		
	 Left (n=232)	11	151	70		
	


	Bilateral (n=94)
	 Normal (n=55)	11	8	36	65.5 (36/55)	34.5 (19/55)
	 Lesion (n=39)	10	13	16	41.0 (16/39)	59.0 (23/39)
	


	Overall				64.4 (300/466)	66.3 (309/466)


Values are expressed as percentage (number/total number).
CT, computed tomography; AVS, adrenal vein sampling; PA, primary aldosteronism.


Diagnostic accuracy of CT was higher in patients with hypokalemia than in those with normokalemia (79.0% vs. 49.1%, respectively; P<0.001) (Supplemental Table S2) as well as in patients with hypokalemia and unilateral disease on CT than in those with normokalemia and unilateral disease on CT (85.0% vs. 43.6%, respectively; P<0.001).
PA patients with unilateral lesion on CT who were accurately diagnosed on CT had younger age, lower weight, lower BMI, higher diastolic BP, lower serum potassium levels, higher prevalence of hypokalemia, higher PAC, lower PRA, higher ARR, and larger nodule than those without concordance (Table 3). PA patients with concordance were mostly women and having more DDD of antihypertensive drugs. Among the variables that were different or tended to be different between the concordance and discordance groups, significant variables in the univariate logistic regression analysis were age, sex, BMI, serum potassium level, hypokalemia status, PAC, and ARR (Table 3). A multivariate logistic regression analysis revealed that age, BMI, serum potassium levels, and ARR were significant independent predictors of concordance (Table 3).
Table 3 Clinical Findings According to Diagnostic Concordance Rate between CT and Adrenal Vein Sampling Findings in Primary Aldosteronism Patients with Unilateral Lesion by CT (n=372)
	Variable	Concordance (n=248)	Discordance (n=124)	P value	Univariate analysis	Multivariate analysis
	

	


	OR (95% CI)	P value	OR (95% CI)	P value
	Age, yr	49.0 (42.0–57.0)	53.0 (46.0–60.0)	0.002	0.971 (0.950–0.991)	<0.001	0.973 (0.948–0.998)	0.035
	


	Female sex	135 (54.4)	54 (43.5)	0.061	1.549 (1.003–2.391)	0.048	1.197 (0.704–2.033)	0.507
	


	Height, cm	163.2 (157.4–169.0)	163.7 (157.7–170.3)	0.455	NA		NA	
	


	Weight, kg	65.2 (56.4–73.8)	71.0 (62.5–80.1)	<0.001	NA		NA	
	


	BMI, kg/m2	24.3 (22.2–26.7)	26.3 (23.6–28.8)	<0.001	0.876 (0.825–0.931)	<0.001	0.901 (0.838–0.968)	0.004
	


	Systolic BP, mm Hg	143.5 (131.5–156.5)	140.0 (132.0–152.5)	0.258	1.004 (0.993–1.016)	0.483	NA	
	


	Diastolic BP, mm Hg	90.0 (82.0–99.0)	88.0 (81.0–94.0)	0.049	1.017 (0.999–1.035)	0.067	NA	
	


	Anti-hypertensive drug, DDD	2.0 (1.0–3.6)	2.0 (0.7–3.2)	0.062	1.000 (0.998–1.001)	0.609	NA	
	


	eGFR, mL/min/1.73 m2	73.7 (58.7–92.2)	72.9 (61.7–89.5)	0.863	0.977 (0.991–1.009)	0.977	NA	
	


	Serum potassium, mEq/L	3.1 (2.8–3.5)	3.9 (3.5–4.1)	<0.001	0.164 (0.104–0.259)	<0.001	0.258 (0.159–0420)	<0.001
	


	Hypokalemia	176 (71.0)	31 (25.0)	<0.001	7.333 (4.491–11.974)	<0.001	NA	
	


	PAC, ng/dL	37.3 (27.4–55.5)	26.1 (20.9–31.9)	<0.001	1.043 (1.026–1.059)	<0.001	1.011 (0.996–1.026)	0.145
	


	PRA, ng/mL/hr	0.2 (0.1–0.3)	0.3 (0.2–0.5)	<0.001	0.833 (0.616–1.128)	0.237		
	


	ARR, ng/dL per ng/mL/hr	234.5 (115.8–399.5)	85.2 (51.0–156.9)	<0.001	1.006 (1.004–1.007)	<0.001	1.003 (1.001–1.005)	0.002
	


	Nodule size on CT, cm	1.5 (1.2–1.9)	1.3 (1.0–1.8)	0.011	1.124 (0.825–1.531)	0.458	NA	


Values are expressed as median (interquartile range) or number (%).
CT, computed tomography; OR, odds ratio; CI, confidence interval; NA, not applicable; BMI, body mass index; BP, blood pressure; DDD, defined daily dose; eGFR, estimated glomerular filtration rate; PAC, plasma aldosterone concentration; PRA, plasma renin activity; ARR, aldosterone-to-renin ratio.


We identified 198 patients with marked PA and unilateral lesion on CT. Of them, 13 were aged <35 years; 20, aged 35–39 years; 66, aged 40–49 years; and 99, aged ≥50 years. In patients with marked PA and unilateral lesion on CT, diagnostic accuracy rates of CT were 84.6% (11/13) in those aged <35 years; 100.0% (20/20), aged 35–39 years; 89.4% (59/66), aged 40–49 years; and 79.8% (79/99), aged ≥50 years (Table 4). Clinical characteristics of two PA patients aged <35 years with discordance between CT and AVS among 198 those with marked PA and unilateral lesion on CT are shown in Supplemental Table S3. Although previous study from JPAS showed the significant difference in diagnostic accuracy of CT, which was determined by AVS findings and/or surgical outcomes, in patients with marked PA and unilateral lesion on CT between those aged <35 years and 35 to 39 years (100.0%, 30/30 vs. 87.2%, 34/39; P=0.042) [10], present study showed no significant difference in diagnostic accuracy of CT, which was determined by AVS findings, in those with marked PA and unilateral lesion on CT between those aged <35 and 35 to 39 years (P=0.148). There was also no significant difference in diagnostic accuracy of CT in those between those aged <40 and 40 to 49 years (93.9%, 31/33 vs. 89.4%, 59/66; P=0.714).
Table 4 Diagnostic Concordance Rate between CT and AVS Findings in Patients with Marked PA (e.g., Hypokalemia and Plasma Aldosterone Concentration >15.9 ng/dL) and Unilateral Lesion on CT (n=198), Stratified by Age
	Variable	Total (n=198)	Age, yr (<35, 35–39, 40–49, ≥50)	Age, yr (<50, ≥50)
	

	


	<35 (n=13)	35–39 (n=20)	40–49 (n=66)	≥50 (n=99)	P value	<50 (n=99)	≥50 (n=99)	P value
	Unilateral PA on AVS						0.283			0.081
	 Ipsilateral lesion on CT	169 (85.4)	11 (84.6)	20 (100.0)	59 (89.4)	79 (79.8)		90 (90.9)	79 (79.8)	
	 Contralateral lesion on CT	6 (3.0)	0	0	2 (3.0)	4 (4.0)		2 (2.0)	4 (4.0)	
	


	Bilateral PA on AVS	23 (11.6)	2 (15.4)	0	5 (7.6)	16 (16.2)		7 (7.1)	16 (16.2)	
	


	Concordance between CT and AVS						0.061			0.044
	 Concordance	169 (85.4)	11 (84.6)	20 (100.0)	59 (89.4)	79 (79.8)		90 (90.9)	79 (79.8)	
	 Discordance	29 (14.6)	2 (15.4)	0	7 (10.6)	20 (20.2)		9 (9.1)	20 (20.2)	


Values are expressed as number (%).
CT, computed tomography; AVS, adrenal vein sampling; PA, primary aldosteronism.


Optimal age cut-off value, Youden’s index [26], for concordant diagnosis between CT and AVS was <50 years. The AUC of age <50 years was 0.597 (95% confidence interval [CI], 0.545 to 0.647) with a sensitivity of 51.6%% and a specificity of 67.7% (Fig. 1). Diagnostic accuracy of CT was higher in patients with marked PA and unilateral lesion on CT aged <50 years (90.9%, 90/99) than in those ≥50 years (79.8%, 79/99, P=0.044) (Table 4). Optimal PAC cut-off value for concordant diagnosis between CT and AVS was >29.6 ng/dL, similar to that in a previous study (>30.0 ng/dL) [8]. The AUC of PAC >29.6 ng/dL was 0.720 (95% CI, 0.671 to 0.765) with a sensitivity of 65.8%% and a specificity of 71.8% (Fig. 1). We identified 139 PA patients with hypokalemia, PAC >30.0 ng/dL, and unilateral lesion on CT (Table 5). In this group, no significant difference was found in diagnostic accuracy of CT between patients aged <50 and ≥50 years (91.9%, 68/74; 87.7%, 57/65, respectively; P=0.590). There was also no significant difference in diagnostic accuracy of CT in patients according to age: 81.8% (9/11), patients aged <35; 100.0% (12/12), 35 to 39 years; 92.2% (47/51), 40 to 49 years; and 87.7% (57/65), aged ≥50 years (P=0.419). Clinical characteristics of 14 PA patients with discordance of CT and AVS among 139 those with hypokalemia, PAC >30.0 ng/dL, and unilateral lesion on CT are shown in Supplemental Table S4. Only four of 14 patients underwent surgery and three of four patients showed surgical benefit. The reason for the unavailability of outcome data of one patient was loss of follow-up. The AUC of K <3.5 mEq/L was 0.787 (95% CI, 0.742 to 0.828) with a sensitivity of 76.6% and a specificity of 71.0% (Fig. 1). The AUC of tumor size >1.1 cm was 0.580 (95% CI, 0.528 to 0.631) with a sensitivity of 79.8% and a specificity of 34.7%.
[image: Fig. 1]
Fig. 1 Receiver-operating characteristic (ROC) curve analyses for concordance of diagnosis between computed tomography (CT) and adrenal vein sampling findings for primary aldosteronism patients with unilateral lesion on CT. (A) Age, (B) K level, (C) plasma aldosterone concentration (PAC), and (D) tumor size. AUC, area under the ROC curve; CI, confidence interval.

Table 5 Diagnostic Concordance Rate between CT and AVS Findings in Patients with Hypokalemia, Plasma Aldosterone Concentration >30.0 ng/dL, and Unilateral Lesion on CT (n=136), Stratified by Age
	Variable	Total (n=139)	Age, yr (<35, 35–39, 40–49, ≥50)	Age, yr (<50, ≥50)
	

	


	< 35 (n=11)	35–39 (n=12)	40–49 (n=51)	≥50 (n=65)	P value	<50 (n=74)	≥50 (n=65)	P value
	Unilateral PA on AVS						0.658			0.773
	 Ipsilateral lesion on CT	125 (89.9)	9 (81.8)	12 (100.0)	47 (92.2)	57 (87.7)		68 (91.9)	57 (87.7)	
	 Contralateral lesion on CT	2 (1.4)	0	0	1 (2.0)	1 (1.5)		1 (1.4)	1 (1.5)	
	


	Bilateral PA on AVS	12 (8.6)	2 (18.2)	0	3 (5.9)	7 (10.8)		5 (6.8)	7 (10.8)	
	


	Concordance between CT and AVS						0.419			0.590
	 Concordance	125 (89.9)	9 (81.8)	12 (100.0)	47 (92.2)	57 (87.7)		68 (91.9)	57 (87.7)	
	 Discordance	14 (10.1)	2 (18.2)	0	4 (7.8)	8 (12.3)		6 (8.1)	8 (12.3)	


Values are expressed as number (%).
CT, computed tomography; AVS, adrenal vein sampling; PA, primary aldosteronism.


In the group with marked PA (e.g., hypokalemia and PAC>15.9 ng/dL) and unilateral lesion on CT, significant differences in height, diastolic BP, DDD of antihypertensive drugs, eGFR, PAC, and nodule size were found between patients aged <50 and ≥50 years (Table 6). Moreover, there were significant differences in weight (P=0.049) and serum potassium levels (P=0.021), but not in PAC (P=0.181), between patients aged <35 and 35 to 39 years. Meanwhile, significant differences were found in nodule size (P=0.009), but not in serum potassium level (P=0.149) and PAC (P=0.841), between patients aged <40 and 40 to 49 years.
Table 6 Comparison of Clinical Findings in PA Patients aged <40, 40–49, and ≥50 Years with Marked PA (e.g., Hypokalemia and PAC >15.9 ng/dL) and Unilateral Adrenal Lesion on CT (n=198)
	Variable	Age, yr (<35, 35–39, 40–49, ≥50)	Age, yr (<50, ≥50)
	

	


	<35 (n=13)	35–39 (n=20)	40–49 (n=66)	≥50 (n=99)	P value	<50 (n=99)	≥50 (n=99)	P value
	Age, yr	33.0 (31.0–33.0)	38.0a (36.5–39.0)	45.0 (43.0–47.0)	58.0b (53.0–63.0)	<0.001	43.0 (38.0–46.0)	58.0 (53.0–63.0)	<0.001
	


	Female sex	10 (76.9)	8 (40.0)	33 (50.0)	52 (52.5)	0.212	51 (51.5)	52 (52.5)	>0.999
	


	Height, cm	166.7 (163.0–169.0)	168.1 (164.0–172.9)	165.2 (159.6–172.0)	161.0 (154.3–165.5)	<0.001	166.7 (161.0–171.1)	161.0 (154.3–165.5)	<0.001
	


	Weight, kg	58.0 (53.4–65.4)	68.5a (58.5–77.3)	66.2 (57.6–74.8)	65.3 (56.3–73.1)	0.152	66.0 (57.5–74.8)	65.3 (56.3–73.1)	0.294
	


	BMI, kg/m2	21.2 (19.7–25.9)	23.6 (22.3–27.5)	24.5 (21.9–25.8)	24.5 (22.7–26.8)	0.129	24.0 (21.7–26.1)	24.5 (22.7–26.8)	0.191
	


	Systolic BP, mm Hg	142.0 (123.0–146.0)	150.0 (131.0–162.5)	146.0 (139.0–160.0)	140.0 (130.5–155.0)	0.055	145.0 (137.5–160.0)	140.0 (130.5–155.0)	0.033
	


	Diastolic BP, mm Hg	93.0 (84.0–108.0)	98.0 (82.5–109.5)	95.5 (90.0–101.0)	89.0 (80.0–95.0)	<0.001	95.0 (89.0–104.5)	89.0 (80.0–95.0)	<0.001
	


	Anti-hypertensive drugs, DDD	1.0 (0.0–3.0)	2.0 (1.2–3.1)	2.3 (1.0–3.5)	3.0 (1.7–4.0)	0.043	2.0 (1.0–3.3)	3.0 (1.7–4.0)	0.009
	


	eGFR, mL/min/1.73 m2	94.4 (90.1–103.2)	93.0 (76.5–116.0)	91.4 (77.5–110.2)	81.5 (66.1–95.4)	0.005	92.4 (77.7–111.2)	81.5 (66.1–95.4)	<0.001
	


	Serum potassium, mEq/L	2.8 (2.6–3.0)	3.1a (2.8–3.3)	2.9 (2.7–3.1)	3.0 (2.7–3.2)	0.074	2.9 (2.7–3.1)	3.0 (2.7–3.2)	0.465
	


	PAC, ng/dL	51.2 (40.5–76.4)	48.1 (23.6–58.5)	46.8 (31.4–69.9)	37.5 (28.1–48.8)	0.009	48.5 (30.5–68.0)	37.5 (28.1–48.8)	0.003
	


	PRA, ng/mL/hr	0.3 (0.1–0.3)	0.1 (0.1–0.3)	0.2 (0.1–0.3)	0.1 (0.1–0.2)	0.305	0.2 (0.1–0.3)	0.1 (0.1–0.2)	0.153
	


	ARR, ng/dL per ng/mL/hr	238.8 (135.0–447.5)	272.5 (99.2–576.0)	268.5 (129.2–519.0)	236.0 (141.3–395.5)	0.736	267.0 (126.7–515.5)	236.0 (141.3–395.5)	0.261
	


	Nodule size on CT, cm	1.5 (1.3–1.6)	1.5 (1.0–2.0)	1.8 (1.4–2.3)	1.5b (1.1–1.8)	0..001	1.6 (1.3–2.0)	1.5 (1.1–1.8)	0.001


Values are expressed as median (interquartile range) or number (%).
PA, primary aldosteronism; PAC, plasma aldosterone concentration; CT, computed tomography; BMI, body mass index; BP, blood pressure; DDD, defined daily dose; eGFR, estimated glomerular filtration rate; PRA, plasma renin activity; ARR, aldosterone-to-renin ratio.
aP<0.05, PA patients between ages <35 and 35–39 years with marked PA (e.g., hypokalemia and PAC >15.9 ng/dL) and unilateral adrenal lesion on CT;
bP<0.05, PA patients between ages <40 and 40–49 years with marked PA (e.g., hypokalemia and PAC >15.9 ng/dL) and unilateral adrenal lesion on CT.



DISCUSSION
Overall diagnostic accuracy of CT was 64.4% (300/466) and was higher in patients with hypokalemia and unilateral disease on CT than in those with normokalemia and unilateral disease on CT (85.0% vs. 43.6%). Patients with PA with unilateral lesion on CT and who were accurately diagnosed on CT had lower serum potassium levels, higher prevalence of hypokalemia, and higher PAC than those without concordance. In the group with hypokalemia, PAC >15.9 ng/dL, and unilateral lesion on CT, diagnostic accuracy rates of CT were 84.6% (11/13) in patients aged <35 and 100.0% (20/20) in those aged 35 to 39 years. Age and PAC cut-off value for accurate diagnosis of CT were <50 years and >29.6 ng/dL, respectively. In 198 patients with hypokalemia, PAC >15.9 ng/dL, and unilateral lesion on CT, the diagnostic accuracy of CT was higher in those aged <50 than in those ≥50 years (90.9% vs. 79.8%, respectively). However, diagnostic accuracy of CT was not statistically significant in 139 PA patients with hypokalemia, PAC >30.0 ng/dL, and unilateral lesion on CT (91.9% vs. 87.7%); suggesting that these patients hypokalemia, PAC >30.0 ng/dL, and unilateral lesion on CT had a higher risk of unilateral PA, regardless of age. Using the criteria of hypokalemia, PAC >30 ng/dL, and unilateral lesion at CT, 125 of 139 (89.9%) AVS could be spared. CT findings alone misclassified unilateral 42 of 94 PA patients (44.7%) as bilateral PA, so they would result missing the chance of surgery and the possibility of a cure. By CT findings, 105 of 372 (28.2%) bilateral PA would be operated inappropriately by misclassification as unilateral PA. CT findings alone would result in adrenalectomies on the wrong side in 19 of 372 PA patients (5.1%) by showing unilateral hyperaldosteronism by AVS finding on the contralateral adrenal gland. Further validation is needed to provide conclusive evidence to support the recent suggestion from the Endocrine Society guidelines on the age cut-off value of <35 years in this subgroup who did not require AVS [1].
With regard to cut-off value of age for avoiding AVS, Lim et al. [8] reported that all six PA patients with spontaneous hypokalemia, PAC >30 ng/dL, and unilateral lesion on CT aged <35 years were accurately diagnosed on CT. Based on this report, the 2016 Endocrine Society clinical practice guidelines suggested that AVS could been omitted in this subgroup [1]. Umakoshi et al. [10] also showed that CT findings accurately diagnose unilateral form in 100.0% (30/30) of PA patients with hypokalemia, PAC >15.9 ng/dL, and unilateral lesion on CT aged <35 years. However, the present study showed that diagnostic accuracy of CT in those aged <35 years was 84.6% (11/13). We cannot determine the exact reason for the difference in diagnostic accuracy of CT in patients aged <35 years between the two previous studies [8,10] and the present study. However, only 90.0% (27/30) of PA patients with hypokalemia, PAC >15.9 ng/dL, and unilateral lesion on CT aged <35 years showed a concordance between CT and AVS in the study conducted by Umakoshi et al. [10]. Approximately 10.0% (3/30) of PA patients with discordance in the previous study who had an LI of 3–4 and contralateral aldosterone suppression on the AVS benefited from surgical management. In contrast, 15.4% (2/13) of PA patients with discordance in the present study had an LI 1.3–2.0 on AVS. In the present study, optimal cut-off value for age for concordant diagnosis between CT and AVS in patients with marked PA and unilateral lesion on CT was <50 years. Patients with the same findings but aged <50 years (90.9%) had higher diagnostic accuracy of CT than those aged ≥50 years (79.8%). As diagnostic concordance rate between CT and AVS findings was 11 of 13 (84.6%) PA patients with hypokalemia, PAC >15.9 ng/dL, and unilateral lesion on CT aged <35 years, our results could not lead to the conclusion that the cut-off value for age to bypass AVS before proceeding to unilateral adrenalectomy was <35 years, suggested by 2016 Endocrine Society clinical practice guideline [1] and validated by JPAS [10] .
Interestingly, optimal cut-off value of PAC for concordant diagnosis between CT and AVS in patients with marked PA and unilateral lesion on CT was 29.6 ng/dL, similar to >30.0 ng/dL in the previous study by Lim et al. [8] Furthermore, there was no significant difference in the diagnostic accuracy of CT in patients with hypokalemia, PAC >30.0 ng/dL, and unilateral lesion on CT according to age (<35, 35–39, 40–49, and ≥50 years). In the PA group with hypokalemia, PAC >15.9 ng/dL, and unilateral lesion on CT, there was also a significant difference in diagnostic accuracy of CT in patients aged 35 to 39 years between our study (100.0%, 22/22) and a previous one by Umakoshi et al. [10] (79.5%, 31/39, P=0.024). We cannot determine the exact reason for difference in the diagnostic accuracy of CT in these PA patients 35 to 39 years, PAC was significantly higher in patients with PA aged <35 years (median, 41.5 ng/dL; IQR, 28.3 to 62.1) than in those aged 35 to 39 years (median, 27.7 ng/dL; IQR, 20.7 to 39.3) in the previous study [10] but not in the present study. This finding might be subsidiary reasons. These results suggest that markedly elevated PAC (>30.0 ng/dL), besides hypokalemia and unilateral lesion on CT, could be useful for predicting the subtype of PA, regardless of age. Despite PAC >30.0 ng/dL, hypokalemia, and unilateral lesion on CT as useful predictors for subtype of PA, diagnostic concordance rate between CT and AVS findings of 68 of 74 (91.9%) in these patients lead to the need of further multicenter study to investigate the combination of clinical predictors for bypassing AVS using surgical outcome data.
Overall diagnostic concordance rate between CT and AVS was 64.4%. This finding was in line with the previous result of 62.2% reported in a systematic review (n=951) [6] and 68.1% reported in JPAS (n=1,591) [10]. Percentages of unilateral PA on AVS were higher in patients with unilateral lesion than in those with bilateral normal results on CT (267/372, 71.8% vs. 19/55, 34.5%, respectively; P<0.001). Patients with unilateral lesion and hypokalemia also had higher prevalence of unilateral PA on AVS than those with unilateral lesion on CT and normokalemia (182/207, 87.9% vs. 85/165, 51.5%, respectively; P<0.001). This finding is in the line with previous results from JPAS. Our study indicated that the prevalence of unilateral PA on AVS was higher in patients with unilateral disease than in those with bilateral normal results on CT (50.8% vs. 14.6%, respectively; P<0.001). Moreover, prevalence of unilateral PA on AVS was higher in those with unilateral lesion on CT and hypokalemia than in those with the CT findings and normokalemia (70.6% vs. 23.8%, respectively; P<0.001) [27]. However, there was a difference between the results of our study and the previous report [27] in terms of diagnostic accuracy of CT in patients with unilateral lesion on CT (71.8% vs. 50.8%, P<0.001) and in patients with the same lesion and hypokalemia (87.9% vs. 70.6%, respectively; P<0.001). This finding can be attributed to the different definitions of abnormal findings on CT as well as to differences in cut-off values and methodology of AVS between studies [28–30].
Age, sex, BMI, serum potassium level, PAC, and ARR in univariate regression analysis and age, BMI, serum potassium level, and ARR in univariate regression analysis were associated with the unilateral PA in patients with unilateral lesion on CT. This finding was in line with the previous studies of association of age, sex, serum potassium, PAC, ARR, and CT imaging with PA subtype [8–10,12–19].
Our study has several limitations. First, we analyzed diagnostic concordance between CT and AVS, but not surgical outcomes data using clinical and biochemical outcomes by the Primary Aldosteronism Surgical Outcome (PASO) consensus [31]. Williams et al. [11] showed inadequate diagnostic accuracy of CT for subtype diagnosis by the lower likelihood of complete biochemical success with CT-based surgery relative to AVS-based surgery. Considering that an outcome of partial or absent biochemical success after surgery indicates the preoperative misdiagnosis of bilateral PA as unilateral PA, further studies are therefore needed to analysis the diagnostic concordance between CT and surgical outcomes data. We used the surgical outcome data in PA patients with discordance of CT and AVS in those with hypokalemia, PAC>30.0 ng/dL, and unilateral lesion on CT and in PA patients with unilateral lesion on CT showed unilateral hyperaldosteronism by AVS finding on the contralateral adrenal gland. Although surgical outcomes could be a better indicator of the correct diagnosis of unilateral PA than AVS findings, the surgical indications of our patients who underwent unilateral adrenalectomy were heterogeneous, which is the nature of a retrospective multicenter study. An LI of >4 has a high specificity for diagnosis of unilateral PA as described in the clinical practice guidelines [1,5]; therefore, we believed that diagnostic concordance between CT and AVS could be applied in clinical practice. Second, it was a retrospective and observational study, which is well-associated with a risk of bias from residual confounders. Third, we excluded cases with intermediate LI values (3≤ LI ≤4) despite the use of more permissive LI values ranging from 2 to 4 in approximately one-half of the reference centers in the Adrenal Vein Sampling International Study [32].
In conclusion, PA patients with hypokalemia, PAC >30.0 ng/dL, and unilateral lesion on CT had the possibility of having unilateral PA, regardless of age. However, further validation is needed to provide conclusive evidence to support the recent suggestion from the Endocrine Society guideline on the age cut-off value of <35 years in this subgroup to avoid AVS.
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