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BACKGROUND: In patients with primary hyperaldosteronism, distinguishing between unilateral and bilateral
adrenal hypersecretion is critical in assessing treatment options. Adrenal venous sampling (AVS)
has been advocated by some to be the gold standard for localization of the responsible lesion, but
there remains a lack of consensus for the criteria and the standardization of technique.

STUDY DESIGN: We performed a retrospective study of 114 patients with a biochemical diagnosis of primary
hyperaldosteronism who all underwent CT scan and AVS before and after corticotropin
(ACTH) stimulation. Univariate and multivariate analyses were performed to determine what
factors were associated with AVS lateralization, and which AVS values were the most accurate
criteria for lateralization.

RESULTS: Eighty-five patients underwent surgery at our institution for unilateral hyperaldosteronism. Of
the 57 patients who demonstrated unilateral abnormalities on CT, AVS localized to the con-
tralateral side in 5 patients and revealed bilateral hyperplasia in 6 patients. Of the 52 patients
who showed bilateral disease on CT scan, 43 lateralized with AVS. The most accurate criterion
on AVS for lateralization was the post-ACTH stimulation value. Factors associated with AVS
lateralization included a low renin value, high plasma aldosterone-to plasma-renin ratio, and
adrenal mass � 3 cm on CT scan.

CONCLUSIONS: Because 50% of patients would have been inappropriately managed based on CT scan findings,
patients with biochemical evidence of primary hyperaldosteronism and considering adrenalec-
tomy should have AVS. The most accurate measurement for AVS lateralization was the post-
ACTH stimulation value. Although several factors predict successful AVS lateralization, none
are accurate enough to perform AVS selectively. ( J Am Coll Surg 2010;211:384–390. © 2010

by the American College of Surgeons)
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he prevalence of primary hyperaldosteronism in the hyperten-
ive population can be as high as 15%.1,2 The majority of patients
ith primary hyperaldosteronism have either idiopathic bilateral
yperplasia or an aldosterone-producing adenoma. Other rare
auses include unilateral hyperplasia, aldosterone-producing ad-
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enocortical carcinoma, aldosterone-producingovarian tumor,or
amilialhyperaldosteronismincludingglucocorticoid-remediable
yperaldosteronism.3,4

The goal of treatment is to minimize morbidity and
ortality from aldosterone excess, which can result in ad-
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erse cardiovascular events independent of high blood pres-
ure.5 Therefore, in patients with primary hyperaldosteron-
sm, distinguishing between unilateral and bilateral adrenal
ypersecretion is critical in assessing treatment options.
iagnosis of unilateral hyperplasia or an aldosterone-

roducing adenoma may be amenable to surgical cure with
unilateral adrenalectomy; a diagnosis of idiopathic bilat-

ral hyperplasia should be managed with a mineralocorti-
oid receptor antagonist.6

Adrenal venous sampling (AVS) was introduced in the late
960s as a test to differentiate unilateral from bilateral hyper-
ldosteronism.7 Because of technical difficulties in cannulat-
ng both adrenal veins, and improved imaging modalities such
s CT and MRI, AVS was not widely adopted. Although
ensitivities with CT scan have been reported to be as high
s 90%, recent studies highlight the pitfalls of noninvasive
maging techniques, causing some to now advocate AVS as
he gold standard for lateralization.1,4,8-11 In a prospective
tudy of 203 patients by Young and colleagues,4 21.7% of
atients would have been incorrectly excluded as candi-
ates for adrenalectomy and an additional 24.7% may have
ad an unnecessary or inappropriate adrenalectomy based
n CT scan findings alone. In a meta-analysis of 950 pa-
ients by Kempers and associates,12 37.8% of patients had
T or MRI results that were discordant with AVS. If only
T or MRI had been used, inappropriate adrenalectomy
ould have taken place in 14.6% of patients, inappropriate

xclusion of adrenalectomy would have occurred in 19.1%,
nd incorrect side adrenalectomy in 3.9%. Zarnegar and
olleagues13 found that CT scan can reliably diagnose ade-
omas larger than 1.0 cm and that AVS should be used
electively, when CT findings are either equivocal or both
drenal glands are abnormal.13

Although AVS may be re-emerging as the gold standard
or differentiating between unilateral and bilateral primary
yperaldosteronism, there is a lack of standardization of
echnique and limited data on which AVS values to use to
istinguish between unilateral and bilateral disease.8-11,13-15

he aims of this study were to determine if routine AVS is
ecessary in all patients, what factors predict AVS lateral-

zation, and what technique for AVS should be used to

Abbreviations and Acronyms

AC � aldosterone-to-cortisol ratio
ACTH � corticotropin
AVS � adrenal venous sampling
PAC � plasma aldosterone concentration
PRA � plasma renin activity
etermine lateralization. a
ETHODS
atients
computerized medical record database was used to iden-

ify 114 patients with the diagnosis of primary hyperaldo-
teronism who underwent CT scan and AVS under a clin-
cal protocol approved by our Institutional Review Board.

edical records were retrospectively reviewed to obtain
aseline demographic data, laboratory values, CT scan and
VS reports, pathology reports, and operative reports. All
atients had comprehensive biochemical testing to confirm
he diagnosis of primary hyperaldosteronism. In addition to
ldosterone and renin levels, patients had confirmatory testing
ncluding a sodium chloride loading test, a captopril test, or a
osture test. Clinical outcomes data included systolic and di-
stolic blood pressure, potassium level, aldosterone level,
nd number of antihypertensive medications at postoper-
tive follow-up. Follow-up was performed either in the
linic or by telephone interview with the patient.

drenal venous sampling technique
egardless of CT scan findings, all patients underwent
VS, which was performed by experienced interventional
adiologists. Venous catheters were introduced via both
emoral veins. Simultaneous catheterization of bilateral ad-
enal veins was performed in all patients using 4-F Mick-
elsson, Simmons 1, and Cobra 2 catheters with or without
odifications, to sample the right adrenal vein; and 4-F

immons 2 or 3 catheters and, rarely, a sub 3-French mi-
rocatheter to obtain samples from the left adrenal vein.
eripheral samples were obtained from the right iliac vein.
wo sets of baseline blood samples were drawn 5 minutes
part from each adrenal vein and the iliac vein. After the
aseline draws, an intravenous bolus of 0.25 mg of ACTH
ollowed by an infusion of ACTH (0.25 mg in 250 mL
ormal saline) at a rate of 150 mL/hour was administered.
lood samples were collected at 5 minutes, 10 minutes,
nd 15 minutes post-ACTH infusion, and levels for aldo-
terone and cortisol were measured. Appropriate place-
ent of catheters in the adrenal veins was surmised by

ontrast venography and subsequently confirmed by ap-
ropriately elevated cortisol levels in the adrenal vein sam-
les as compared with levels in the peripheral samples
ratio � 2).

ample interpretation
he aldosterone-to-cortisol ratio (AC) was computed for

ach sample to correct for varying capture and dilution of
drenal venous effluent. Patients who demonstrated unilat-
ral hypersecretion of aldosterone were referred for an ad-
enalectomy. Diagnosis of a unilateral hyperfunctioning

drenal gland was made if the AC ratio on one side was at
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east 4 times greater than on the contralateral side and the
eripheral samples. An AC ratio that was lower than the
eriphery on the unaffected side especially after stimula-
ion suggested a suppressed gland, and therefore, a unilat-
ral hyperfunctioning gland on the contralateral side. Di-
gnosis of bilateral hyperplasia was made if the AC ratios on
oth sides were elevated and the response to stimulation
as similar with no gradient observed between the 2 sites.
welve different ratios were derived from the aldosterone
nd cortisol levels pre- and post-ACTH stimulation for
ach side at the time intervals stated above. These were an
C ratio for each side, ratio of AC from one gland versus
eripheral AC, and greater AC ratio from one gland versus
he smaller AC ratio from the contralateral gland.

tatistical methods
he association between CT and AVS was determined by

ross-classifying the 2 parameters. The initial screening to
etermine which ratios were associated with AVS lateral-

zation to left versus right side was performed using a Wil-
oxon rank sum test. The p values presented are 2-sided
nd have not been adjusted for multiple comparisons. Ra-
ios found to be statistically different according to left ver-
us right location of abnormality were further evaluated for
heir ability to classify correctly according to side individ-
ally, in pairs based on time of determination, and then

ointly, using logistic regression analysis. The Mann-
hitney rank sum, or Kruskal-Wallis tests were used to

dentify factors associated with AVS lateralization. Statisti-
al analysis was performed using standard statistical soft-
are (SAS, Inc).

ESULTS
f 114 patients, 85 underwent adrenalectomy at our insti-

ution for unilateral hyperaldosteronism. The demo-
raphic and clinical data are summarized in Table 1. Our
roup of 114 patients consisted of 63 men and 51 women
ith mean age of 50.6 years (range 3 to 73 years). The
ean plasma aldosterone concentration was 41.1 ng/dL

range 2 to 328 ng/dL), mean plasma renin activity value
as 0.9 ng/mL (range 0.1 to 23 ng/mL), and mean plasma

ldosterone concentration-to-plasma renin activity (PAC/
RA) ratio was 100 (range 7 to 640). Patients with a PAC/
RA of less than 14 ng/dL had aldosterone levels greater
han 30 ng/dL, and all patients had confirmatory testing
ith a sodium chloride loading test, a captopril test, or a
ostural test. The average duration of hypertension was
2.8 years and ranged from several months to a maximum
f 40 years. Patients were on an average of 2 to 3 antihy-
ertensive medications. The average creatinine and body
ass index were 1.1 mg/dL (range 0.5 to 2.3 mg/dL) and
0.6 kg/m2 (range 19 to 47 kg/m2), respectively (Table 1). f
Twelve patients had a previous history of thyroid dys-
unction. Eleven patients had a history of myocardial in-
arction or congestive heart failure, and 8 patients had suf-
ered an earlier cerebrovascular event or transient ischemic
ttack. Four patients had a first degree relative with primary
yperaldosteronism.
Both adrenal veins were catheterized successfully in all

atients based on venography and elevated cortisol values
ompared with values from the periphery. Two patients had
o have repeat procedures secondary to misplaced blood
amples. One patient developed severe lumbar back pain
hat spontaneously resolved after an AVS procedure with-
ut radiographic evidence of adrenal hemorrhage or infarc-
ion. There were no other adverse events from AVS.

T and AVS results
f 57 patients who had a unilateral abnormality on CT

can, 5 patients lateralized to the contralateral side by AVS,
nd 6 patients had AVS consistent with bilateral hyperpla-
ia (Fig. 1). Therefore, 19.3% of patients would have had
ither an unnecessary adrenalectomy or adrenalectomy of
he nonfunctioning adrenal gland if AVS was not per-

able 1. Study Cohort Demographics and Clinical
haracteristics
emographic/characteristic Data

ge, y
Mean age � SD, y 50.6 � 11.0

ender, n
Male 63
Female 51
uration of hypertension, y 12.8 � 8.9
ntihypertensive medications used, n 2.7 � 1.3
otassium, mmol/L (reference range

3.3–5.1 mmol/L) 3.2 � 0.5
reatinine, mg/dL (reference range

0.9–1.4 mg/dL) 1.1 � 0.3
ody mass index, kg/m2 30.6 � 6.1
ldosterone, ng/dL (reference range � 21 ng/dL) 41.4 (2–328)
enin, ng/mL (reference range 0.6–3 ng/mL) 0.92 (0.1–23)
ldosterone/renin ratio 99.6 (7–640)
argest diameter on CT scan, cm 2.4 � 1.6
istory of MI/CHF, n 11
istory of CVA/TIA, n 8
istory of thyroid dysfunction, n 12

amily history of endocrinopathy, n
Thyroid dysfunction 8
Hyperaldosteronism 4

ata are presented as mean � SD unless otherwise stated.
HF, congestive heart failure; CVA, cerebrovascular accident; MI, myocar-
ial infarction; TIA, transient ischemic attack.
ormed. In 52 patients who showed bilateral disease on CT
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can, AVS lateralized to one side in 43 patients and was
oncordant with the CT scan in 9 patients. In 5 patients
ho had no abnormality on CT scan, 3 lateralized with
VS. Of the group of 114 patients, 57 patients (50%)
ould have been inappropriately managed based on CT

can findings alone.

ldosterone-to-cortisol criteria for
VS lateralization
ogistic regression analysis, including the above listed AC
atios pre- and post-ACTH stimulation, showed that al-
hough 98% of patients could be lateralized based on the
ost-ACTH stimulation AC ratios with evidence of sup-
ression of the contralateral gland from the periphery, 95%
f patients could be lateralized with only pre-ACTH stim-

able 2. Aldosterone-to-Cortisol Ratio Criteria for Adrenal V
atio AVS lateralized to righ

re-ACTH stimulation
AC right 126.70 � 88.79
AC left 27.83 � 21.92
AC peripheral 6.76 � 2.64
AC right:AC peripheral 22.82 � 6.04
AC left:AC peripheral 3.20 � 1.12
AC larger:AC smaller 23.57 � 5.17

ost-ACTH stimulation
AC right 22.32 � 3.01
AC left 12.71 � 10.75
AC peripheral 3.32 � 0.56
AC right:AC peripheral 8.71 � 1.25
AC left:AC peripheral 1.67 � 0.65
AC larger:AC smaller 24.99 � 6.56

atients were divided into 2 groups based on which side they lateralized to by
o the left side versus the right side. Data are reported as mean � standard er

igure 1. Flow diagram of study cohort and localization by CT and
drenal venous sampling (AVS). Fifty percent of patients would have
een inappropriately managed based on CT findings alone.
C, aldosterone-to-cortisol ratio; ACTH, corticotrophin; AVS, adrenal venous sam
lation values (Table 2). The remaining 2% did not localize
ith AVS. The adrenal vein AC ratio on each side and the

atio of adrenal AC to periphery AC on each side were
dequate for successful lateralization.

actors predicting lateralization
n our group of 114 patients, 17 patients were not localized
ith AVS, indicating bilateral hyperplasia and the need for

urther medical management. Univariate analyses were
erformed to assess which factors may predict lateralization
ith AVS (Table 3). Age, gender, PAC, creatinine, body
ass index, duration of hypertension, number of antihy-

ertensive medications, and ability to localize an enlarged
drenal gland or mass on CT were not associated with
ateralization by AVS. However, PRA, PAC:PRA ratio, and
ize of a nodule on CT scan greater than or equal to 3 cm
ere significantly associated with detection of unilateral
isease by AVS (p � 0.02) (Fig. 2).

urgical outcomes
f the 114 patients, 85 patients underwent surgery at our

nstitution. Thirty-three patients had right adrenalectomy,
nd 51 patients had left adrenalectomy. One patient was
dentified as having massive macronodular adrenocortical
isease and underwent bilateral adrenalectomy. Eighteen
atients underwent open adrenalectomy and 67 patients
ad a laparoscopic adrenalectomy. Twenty patients experi-
nced perioperative complications (Table 4). One patient
ad an intraoperative diaphragmatic injury and required
lacement of a chest tube. Another patient had a Mallory
eiss tear that was postoperatively identified and emboli-

s Sampling Lateralization
AVS lateralized to left p Value

3.71 � 0.68 �0.0001
33.26 � 5.97 �0.0001

4.95 � 0.78 0.26
1.31 � 0.27 �0.0001
10.7 � 1.95 �0.0001

13.84 � 2.14 0.67

16.82 � 15.18 �0.0001
31.95 � 9.53 �0.0001

3.90 � 0.64 0.62
1.30 � 0.61 �0.0001
8.95 � 2.30 �0.0001
34.7 � 10.03 0.83

ean values for each ratio are separately recorded for patients who lateralized
the mean.
enou
t

AVS. M
ror of
pling.
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ed. The remaining patients had grade 1 and 2 complica-
ions. There were no perioperative deaths.

Final pathologic findings confirmed a solitary cortical
denoma in 76% of patients and an additional 14% of
atients had an adenoma within the background of cortical
yperplasia. Average adenoma size was 1.58 � 0.81 cm
range 0.2 to 4.5 cm). Seven patients had nodular hyper-
lasia, and in one patient, no nodule was identified. This
atient had persistent symptoms postoperatively, under-
ent further workup, and ultimately had a contralateral
drenalectomy likely secondary to a mislateralization. Her
revious post-ACTH AC ratio from the initial AVS was 48
nd lateralized to the left adrenal gland. Pathology reports
ould not be located for 7 patients. Eighty of 85 patients
ere either cured or had improved symptom control as

videnced by normal postoperative PAC levels or improve-
ent or normalization of blood pressure. Postoperative al-

Figure 2. Scattergram showing the range of va
plasma renin activity (PAC/PRA) and greatest tum
who lateralized or did not lateralize by adrenal veno

able 3. Factors Predictive of Lateralization by Adrenal Ven
actor Lateralized

ender, %
Male 56
Female 44

ge � SEM, y 50.6 � 1.0
ldosterone, ng/dL 38.5 � 3.7
enin, ng/mL 0.93 � 0.03
AC:PRA 102.6 � 13.4
otassium, mmol/L 3.2 � 0.1
reatinine, mg/dL 1.1 � 0.03
ody mass index, kg/m2 30.6 � 0.6
uration of hypertension, y 12.8 � 0.9
ntihypertensives used, n 2.8 � 0.1
T lateralization, % 52.6
ize on CT scan � 3 cm, n 5

ean values are presented for patients who either lateralized or did not latera
VS, adrenal venous sampling; PAC, plasma aldosterone concentration; PRA
on right and left sides, respectively.
osterone levels were available and normal in 27 patients.
t postoperative follow-up, 17 patients were normotensive

blood pressure � 140/90 mmHg) completely off all of
heir preoperative blood pressure medications, and 48 pa-
ients were on less medication. The average reduction in
lood pressure medication was 1.5 medications, with a
ange of 1 to 3 medications discontinued per patient. Fif-
een patients were on the same number of medications, but
ow were normotensive. All but one patient came off po-
assium supplementation because of persistent disease. Me-
ian follow-up was 8.8 months, with a range from 1 month
o 9 years.

ISCUSSION
he results of this study support the routine use of AVS in

ll patients with biochemical evidence of primary hyperal-

for mean plasma aldosterone concentration-to-
meter (cm) of lesion on CT scan versus patients

ampling. Blue and red dots refer to size of lesions

Sampling
Not lateralized p Value

53 0.61
47

52.9 � 0.16 0.21
45.7 � 19.5 0.19
0.87 � 0.16 0.01
61.9 � 30.5 0.02
3.3 � 0.1 0.77
1.0 � 0.04 0.84

31.3 � 1.5 0.58
12.8 � 2.2 0.75
2.4 � 0.3 0.19

35.3 0.20
0 �0.0001

y AVS. Data are reported as mean � SD or SE of the mean.
ma renin activity.
lues
or dia
us s
ous

lize b
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osteronism because 50% of patients would have been in-
ppropriately managed based on CT scan findings alone.
oreover, the most accurate measurement for AVS lateral-

zation was the post-ACTH stimulation AC ratio, although
majority of patients can be localized without ACTH

timulation. We also found several factors associated with
uccessful AVS lateralization such as absolute renin value,
ldosterone-to-renin ratio, and size of the lesion on CT scan,
ut none were accurate enough to forgo the need for AVS.

Traditionally, AVS has been considered a complex pro-
edure associated with morbidities. The procedure itself is
echnically challenging and requires an experienced inter-
entional radiologist. Historically, samples from the right
drenal vein could not be obtained in 30% of patients and
omplications such as bilateral adrenal infarction, adrenal
ein dissection, and adrenal hemorrhage led to the use of
T and MRI as preferred methods to distinguish between
nilateral and bilateral adrenal disease.16 However, even
igh-resolution, thin-section (2 to 3 mm) CT scans can
iss small nodules and can also pick up small nonfunc-

ional incidentalomas. Our findings support the routine
se of AVS in all patients with biochemical evidence of
rimary hyperaldosteronism because half of the patients
ould have been inappropriately managed based on CT

indings alone. There were no technical complications as-
ociated with AVS in our study and our morbidity rate was
.6%. Two patients required repeat AVS because a clerical
rror resulted in misplaced blood samples and one patient
eveloped severe lumbar back pain that spontaneously re-
olved without radiographic evidence of adrenal hemor-
hage or infarction.

No general consensus on the technique for AVS, the AC
easurements taken, and the criteria used (with and with-

ut ACTH stimulation) for lateralization exists. Although
ome investigators use sequential adrenal vein catheteriza-

able 4. Postoperative Complications
omplication n

ever with spontaneous resolution 5
neumonia treated with antibiotics 3
rrhythmias/premature ventricular contractions 3
episode of hemoptysis 1
allory Weiss tear requiring embolization 1

ancreatitis 2
ransaminitis 1
rolonged ileus 2
cute renal failure not requiring dialysis 2
edman’s syndrome from preoperative vancomycin 1

ntraoperative diaphragmatic injury 1
yperkalemia 2
erpes labialis 1
ion, others use simultaneous sampling of both adrenal t
eins. The decision to use ACTH for adrenal gland stimu-
ation, the dose, and method of administration also vary
cross institutions. One of the strengths of our study is that
VS has been performed with a consistent and systematic
rotocol by experienced radiologists. At our institution,
VS is performed by simultaneous catheterization of bilat-
ral adrenal veins with and without ACTH stimulation
iven as a bolus and continuous infusion. However, on
nivariate and multiple logistic regression analyses of 12
ifferent ratios derived from the AC ratio, pre-ACTH
timulation values successfully lateralized in 95% of pa-
ients, and the addition of ACTH allowed 98% of patients
o lateralize. ACTH stimulation was the most accurate
ethod for lateralization; it also allows for confirmation of

uccessful adrenal vein cannulation and minimizes variabil-
ty in cortisol secretion during sampling.

Factors that predicted successful AVS lateralization in
nivariate analyses included a low absolute renin value,
igh PAC/PRA, and lesion size on CT scan greater than or
qual to 3 cm. We are not aware of any studies that have
ddressed predictive factors for successful AVS lateraliza-
ion using demographic, clinical, laboratory, and imaging
ata. It is not surprising to find that patients with a unilat-
ral large adrenal mass on preoperative CT scan were more
ikely to have AVS lateralize the tumor, especially in the
etting of a normal contralateral adrenal gland. None of
hese factors, however, in combination or alone, could re-
iably predict unilateral hyperaldosteronism because the
alse positive rate of CT scan lateralization was 19%.

Previous studies have shown that unilateral adrenalec-
omy in patients with an aldosteronoma or unilateral hy-
erplasia results in complete surgical cure, with normaliza-
ion of blood pressure without the use of antihypertensives
n about one-third of patients and improvement in blood
ressure in the remaining patients.15,16 Hypokalemia can be
eversed in up to 100% of patients. Factors predictive of
omplete surgical cure include duration of hypertension
ess than 6 years, less than 3 antihypertensives to control
lood pressure preoperatively, younger age (less than 50
ears old), and female gender.17,18 In this study, our surgical
ure rate was slightly less than what has been previously
eported in the literature. This may be due to a longer
uration of hypertension (12.9 years) in our study cohort,
nd the fact that 54% of patients were on 3 or more anti-
ypertensives. Nonetheless, all the patients who had PAC

evels available postoperatively had normal or undetectable
evels. A majority of patients derived benefit from their
peration in terms of hypokalemia resolution and number
f blood pressure medications required. Postoperatively,
atients were on an average of 1.5 blood pressure medica-

ions (range 0 to 6 medications).



o
w
c

s
m
p
i
s
a
a

l
p
T
b
w
m
o
m
F
o
m
b
d

A

S

A

A

D

C

R

1

1

1

1

1

1

1

1

1
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The main limitation of our retrospective study is that
ur study cohort may not be reflective of most patients
ith primary hyperaldosteronism because we are a referral

enter.
However, because all patients underwent a comprehen-

ive biochemical workup to confirm the diagnosis of pri-
ary hyperaldosteronism and underwent a systematic ap-

roach for lateralization with both AVS and CT scanning
n all cases, we believe our findings address the controver-
ial issues of performing routine AVS, and determining if
ny clinical, imaging, and laboratory criteria can be used to
void the need for AVS.

In conclusion, distinguishing between unilateral and bi-
ateral adrenal hypersecretion in patients with primary hy-
eraldosteronism is critical in assessing treatment options.
his study supports the routine use of AVS in patients with
iochemical evidence of primary hyperaldosteronism and
ho want to proceed with adrenalectomy. Although the
ajority of patients can successfully be lateralized with

nly pre-ACTH stimulation values, the most accurate
ethod for AVS lateralization is with ACTH stimulation.

urthermore, using renin values, PAC/PRA ratios, and size
f the lesion on CT scan may guide the clinician in deter-
ining which patients will successfully lateralize with AVS,

ut none of these predictive factors are accurate enough to
etermine which patients need AVS.
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