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Abstract
Background—We reviewed our experience with micronodular adrenal hyperplasia (MAH), its
pigmented variant primary pigmented nodular adrenocortical disease (PPNAD), and the association
with Carney’s Complex (CNC) in order to better characterize the disorders.

Methods—This study is a retrospective analysis of clinical data and operative reports of 34 patients
identified with MAH and/or PPNAD who underwent resection between 1969 and 2006 at the Clinical
Research Center, an inpatient research hospital, at the National Institutes of Health. Symptoms and
anthropometric and biochemical data were used to evaluate effect of resection.

Results—Fifteen patients (44%) presented as adults and 19 (56%) as children. Twenty five patients
(74%) presented with non-cyclic Cushing syndrome and nine patients (26%) presented with cyclic
Cushing Syndrome. Thirty one patients underwent bilateral resection; this was curative
biochemically in 30 patients. Fourteen operations were performed laparoscopically (41%), and 20
were perfomed as open resections (59%). There was one post-operative complication in the
laparoscopic group (7%) and 6 complications in the open group (30%) (p=0.20). Follow-up was
available for 25 patients (74%). Statistically significant improvements in anthropometrics were
observed for both adults and children. The most frequent manifestation of CNC requiring additional
operation was cardiac myxoma which was associated strongly with an atypical (cyclic) presentation
of Cushing Syndrome (p=0.009).

Conclusion—Cushing Syndrome due to MAH and PPNAD may be cured by bilateral adrenal
resection. All patients should be screened for manifestations of CNC at the time of adrenal diagnosis
with particular attention to cardiac disease.
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INTRODUCTION
Cushing syndrome is caused by chronic glucocorticoid excess that may be adrenocorticotropic
hormone (ACTH)-dependent or independent. ACTH-independent processes account for
approximately 15–20% of cases in adults [1,2] and 15% in children over age seven [3]. Of
these ACTH-independent causes, almost all are due to adrenal adenoma or carcinoma [1,2,3].
Micronodular adrenal hyperplasia (MAH), and its pigmented variant, primary pigmented
nodular adrenocortical disease (PPNAD), are rare, ACTH-independent processes; their true
incidence is unknown but is thought currently to be more frequent than estimated previously
[4]. Macronodular adrenocortical disease (or ACTH-independent macronodular adrenocortical
hyperplasia – AIMAH) is another rare condition that is most frequently seen in older patients
[2].

An account of seven patients with PPNAD who underwent bilateral adrenalectomy at the Mayo
Clinic between 1920 and 1986 was presented at the 1986 meeting of the American Association
of Endocrine Surgeons [5]. In the late 90s, it was recognized that the majority of the PPNAD
cases were part of a multiple neoplasia syndrome known as Carney Complex (CNC) [6].

Since that time, CNC has been characterized further. A 2007 review identified more than 500
patients with CNC who had been registered by the NIH-Mayo clinic and the Cochin Hospital
international registry in Paris, France [7]. The constellation of manifestations of CNC include
characteristic skin pigmentation, cardiac and cutaneous myxomas, PPNAD, large-cell
calcifying Sertoli cell neoplasms, thyroid nodules or cancer, acromegaly, psammomatous
melanotic schwannomas (PMS), breast ductal adenomas, and other lesions [7]. Cardiac
myxomas were found at presentation in 53 % of 338 patients with CNC and represent a
significant risk to the patient [6]. A mutation of PRKAR1A, a tumor suppressor gene, has been
identified in more than half of CNC kindreds [6]. Families that do not carry the PRKAR1A
mutation are thought to map to the CNC2 locus and possibly other loci [7]. Genetic defects in
another gene, PDE11A, were identified recently in a few kindreds with MAH [8] and, rarely,
in the general population [9].

MAH and PPNAD represent a diagnostic challenge given the rarity of the disorder. Although
they are bilateral processes, the diagnosis can be difficult to make and may be mistaken for
more commonly seen adrenal disorders. It is important to establish the diagnosis pre-
operatively in order to avoid the need for re-operation after unilateral resection. Once the
diagnosis of MAH is suspected, it is also important to screen for CNC and its potentially lethal
manifestations. In the present investigation, we reviewed retrospectively the clinical
presentation and treatment of PPNAD and other forms of bilateral MAH. This is a timely study
given the absence of related references for more than a decade, and the recent recognition of
the possible higher prevalence of these disorders.

METHODS
Thirty four patients with MAH who were operated on at the National Institutes of Health from
1969 to 2006 were identified. These patients were admitted to the NIH under clinical protocols
95CH0059 and 00CH0160; they all gave informed consent, and the studies were approved by
the NICHD IRB. Demographic information, family history, signs and symptoms at
presentation, duration of symptoms, anthropomorphic measures, and other findings on
examination were collected from each chart. Based on guidelines of the Center for Disease
Control, patients were recorded as children and adolescents if they were ≤ 19 years of age at
presentation.

Patients were also classified by the presence or absence of cyclic Cushing Syndrome. Pre-
operative symptoms and examination findings were recorded separately for the patients with
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non-cyclic Cushing Syndrome. Most of the patients with cyclic Cushing Syndrome were seen
multiple times, with varying complaints and findings, until the diagnosis of an adrenal source
of Cushing Syndrome was able to be made definitively.

The biochemical diagnosis of Cushing Syndrome was made using standard laboratory assays.
Due to the long history of the study, patients were tested with a variety of assays. In recent
years, a more standardized protocol was followed: Cushing Syndrome was diagnosed by 24-
hr assay for urinary free (unbound) cortisol (UFC) and corrected for body surface area in
children [1,10]. ACTH levels were measured to confirm ACTH-independence. A challenge
with ovine corticotropin releasing hormone (oCRH) for ACTH and cortisol was also
administered to exclude pituitary and ectopic ACTH-secreting lesions [1,10,11]. Liddle’s test,
the administration of low-dose and high-dose dexamethasone, was used to differentiate among
adrenal sources of Cushing Syndrome and to establish the diagnosis of PPNAD [12].

All patients underwent adrenal imaging in order to localize the process and for pre-operative
planning. In recent years, imaging has been done using computed tomography (CT) [13]. In
past years, patients underwent adrenal vein sampling and iodocholesterol scan, but these studies
are not done currently for MAH patients. All CTs were reviewed again for this study
collectively by members of the endocrine, radiology, and surgery teams.

All peri-operative data and operative notes were reviewed, and data were collected regarding
pre-operative preparation, operative approach, complications, and outcome. Follow-up data
were reviewed for all patients for whom it was available. Manifestations of CNC both at
presentation and follow-up were recorded. Mutation status was also reported. Patients with
cyclic Cushing Syndrome were analyzed both within the full cohort and separately in order to
identify any trends associated with this unique presentation of ACTH-independent Cushing
Syndrome.

Anthropometric data were compared in a paired fashion within the adult and pediatric cohorts
at presentation and in follow-up using the Wilcoxon signed rank test. Comparisons of binary
parameters between patients with cyclic and non-cyclic Cushing Syndrome were made using
Fisher’s exact test. Mehta’s modification to Fisher’s exact test was used to compare pathology
(in three groups) between the patients with isolated adrenal disease and those with CNC. [14]
Comparisons of continuous, numeric data between patients with cyclic and non-cyclic Cushing
Syndrome were done using an exact Wilcoxon rank sum test. The categorized ACTH level
distributions were compared between groups using an exact Cochran-Armitage test for trend.
All p-values are two-tailed and were not adjusted for multiple comparisons. [15]

RESULTS
Demographic information is presented for all patients in Table 1. The majority of patients in
the full cohort were female, and a slight majority presented as children. Nine patients (26%)
presented with cyclic Cushing Syndrome. There was a family history of CNC, PPNAD, or both
in 9 of the 34 patients. Two of these 9 patients had cyclic and 7 had non-cyclic Cushing
Syndrome.

Symptoms and signs of the 25 patients with non-cyclic Cushing Syndrome are listed in Table
2. Available anthropometric data are presented in Table 3.

Biochemical assays that established the diagnosis of Cushing Syndrome are presented in Figure
1. The standard Liddle’s test did not become part of the diagnostic investigation of MAH until
1998 [12]; only patients seen at the NIH after the mid-90s had this investigation.
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Adrenal CTs were obtained at presentation in all patients except for one patient who first
presented in 1969 (33/34). Of 33 CTs, 24 were read as consistent with micronodular and/or
hyperplastic disease, and 9 were read as normal. Representative images are shown in Figure
2. Seven patients underwent an iodocholesterol scan; one patient had adrenal venous sampling.

Five patients had severe hypercortisolemia pre-operatively and received adrenolytic
medications for up to 8 weeks prior to operation [16]. Medications included ketoconazole,
aminoglutethimide, and mitotane. One pediatric patient required four anti-hypertensive
medications for blood pressure control pre-operatively. Fourteen operations (41%) were
performed laparoscopically, while 18 (53%) were performed via an open approach. Two
laparoscopic operations were attempted and converted to open (6%) for technical reasons.

Thirty-one patients underwent bilateral resection which was curative biochemically in 30
(97%) of these patients. The remaining patient underwent re-exploration of the adrenal beds,
no gross adrenal tissue was seen, and multiple frozen sections were negative; following this
operation, however, she was cured of disease. Three patients underwent unilateral resection.
Two of these resections were terminated after unilateral resection; neither patient was cured
biochemically, but symptoms were more manageable and both patients elected not to undergo
resection of the contralateral side. The final patient had been referred to the NIH after an
incomplete resection and was cured after the remaining adrenal gland was removed.

There was one post-operative complication among the 14 laparoscopic patients (7%) which
consisted of a brief episode of transient unexplained acute renal failure postoperatively. There
were six post-operative complications among the 20 open adrenal resections (30%), consisting
of a staphylococcus bacteremia, two wound infections, bleeding requiring re-operation, and
pneumonia. The final complication was a case of pancreatitis which resulted in a mortality.

All patients received glucocorticoid supplementation during and after adrenalectomy. All
patients were discharged on hydrocortisone and fludrocortisone. The mean discharge dose of
hydrocortisone was 12.8 mg per meter squared (± 0.4) for the 31 patients who were cured at
first operation. The standard discharge dose of fludrocortisone was 100 mcg (four patients
required more). Six patients presented with hypertension and were taking one or often multiple
anti-hypertensive medications pre-operatively. Post-operatively, hypertension in these patients
was cured or improved. Five patients were able to stop all anti-hypertensive therapy while the
remaining patient regimen required just one medication.

Long-term follow-up was available for 25 of the 34 patients (74%). Mean follow-up was 6.7
years (± 1.2) with a range of 1 to 27 years. Measurements for height and weight are shown in
Table 3. All 25 patients reported improved or resolved symptoms of Cushing Syndrome.
Complete resolution of Cushing Syndrome symptoms in these patients took place by 9–12
months post-operatively. Post-operative UFCs were reported undetectable in all patients who
were cured of their disease. There were no long term complications in any of the 33 surviving
patients. Patients that had unilateral adrenalectomy did not require any glucocorticoid
replacement but all patients who had bilateral adrenalectomy continued physiologic
replacement for life. Three patients experienced episodes of acute gluco- or mineralocorticoid
deficiency almost always in the context of a concurrent illness such as viral syndrome,
dehydration or other disease.

Most PPNAD patients also had CNC (18, 53%). Patients with isolated MAH were the second
largest group with micronodular adrenal disease (7, 21%). There were six patients that had
isolated MAH with pigmentation (21%). There was only one patient with PPNAD and no CNC
signs (3%), and one patient with MAH and PPNAD and CNC signs (3%). The difference
between patients with PPNAD and CNC (19) and those with other forms of MAH and no CNC
(isolated, 14) was statistically significant (p<0.001). Representative pathologic images are
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shown in Figure 3. The CNC patient who had MAH/PPNAD did not have the PRKAR1A
mutation, making the clinical diagnosis of CNC uncertain. Of note, one of the isolated MAH
patients was identified with a mutation in the PDE11A gene [8].

The results of the Liddle’s test were correlated with the histopathology. An increase of 100%
or greater in UFC on day 6 was observed in 5 of 6 non-cyclic PPNAD patients and both cyclic
PPNAD patients, as well as MAH/PPNAD patient in each cohort. An increase of 50% was
observed in two patients with MAH, one with PPNAD, and one with MAH/PPNAD in the
patients with non-cyclic Cushing Syndrome. The Liddle’s test was negative in one MAH/
PPNAD patient with non-cyclic Cushing Syndrome and one MAH patient with cyclic Cushing
Syndrome.

All patients were screened for CNC at initial evaluation (except for the few patients who
presented before CNC was fully described) and in follow-up. The most frequent manifestations
of CNC in the 19 patients with both adrenal disease and CNC are shown in Table 4. There was
a difference in the incidence of cardiac myxomas between patients with cyclic versus those
with non-cyclic Cushing Syndrome (6/6 vs. 4/13, p = 0.009).

Of the 10 patients with cardiac myxomas, 6 had undergone resection prior to coming to
attention for adrenal disease. Two of these patients were diagnosed at the time of evaluation
for adrenal disease at NIH, and adrenalectomy was delayed in order to proceed with resection
of the myxoma first. This delay also occurred at an outside hospital, delaying a planned
unilateral adrenalectomy for one patient, and she was referred to the NIH for CNC and PPNAD
evaluation after resection of the myxoma. Of note, two patients suffered strokes from their
myxomas prior to resection. Finally, three patients were diagnosed with cardiac myxomas in
follow-up after adrenalectomy.

Of the 12 patients with thyroid cancer or nodules, 2 patients were diagnosed with cancer. One
patient was cured of papillary cancer after resection, but the second patient died of metastatic
follicular cancer. Four of five males in the series were found to have testicular calcifications
suggestive of Sertoli cell neoplasms; these patients were all followed by ultrasonographic
surveillance. Although only three of 19 patients (16%) had proven schwannomas, all of these
patients required resection of these lesions due to symptoms.

DISCUSSION
Patients with MAH and PPNAD in our series had classic findings of suppressed ACTH, loss
of diurnal cortisol variation, and lack of cortisol and ACTH responses to CRH. The Liddle’s
test can be a final arbiter of the diagnosis; PPNAD is diagnosed when a 50% increase of UFC
is seen over baseline on day 6 of the test [12]. The cause of this increase has been shown to be
increased expression of glucocorticoid receptor (GR) in PPNAD nodules [17,18], but the
mechanism of GR stimulation is unknown. The present study shows that not all patients with
the non-pigmented variant of bilateral micronodular hyperplasia, MAH, respond to
dexamethasone as patients with PPNAD.

The patients who were not cured after unilateral resection illustrate the importance of bilateral
resection. The patient who continued to have biochemical evidence of Cushing Syndrome after
bilateral resection but who was cured after complete excision of residual tissue within the
operative fields also demonstrates how even small-to-microscopic nests of cells affected by
micronodular forms of adrenocortical hyperplasia can continue to cause glucocorticoid excess.

There was no difference in cure rate between the laparoscopic and open approaches. Our
preferred approach is laparoscopic if possible in order to minimize morbidity. Improvement
in patient status was immediate after resection in those patients who were hypertensive pre-
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operatively. Anthropometrics reveal statistically significant decreases in BMI for the adult
cohort and significant increases and decreases in height for age and weight for age percentiles
respectively for the pediatric cohort. Patients were maintained safely on glucocorticoid and
mineralocorticoid replacement. As in other series of patients with ACTH-independent Cushing
Syndrome, none of our patients developed Nelson’s syndrome [13,19].

Hitherto, the micronodular adrenocortical hyperplasias have not been subdivided into different
diseases. Over the last decade it has become clear that there are at least two different diseases,
MAH and its pigmented variant PPNAD [4]; patients with intermediate histologic findings
also exist (MAH/PPNAD). The main difference between the two forms is the presence of
lipofuscin pigmentation (PPNAD) or its absence (MAH); mutations of the PRKAR1A gene are
also seen almost exclusively in PPNAD [20]. Representative pathologic examples of PPNAD
and MAH in this series are shown in Figures 3 and 4 respectively. It should be noted that
although PPNAD is a widely accepted term, MAH was only proposed recently by Stratakis
and colleagues [4,8] and awaits final classification and terminology.

The frequency of CNC manifestations other than adrenal disease in our series are similar to
previous reports of patients with CNC [6]. Cardiac myxomas, thyroid cancer, and
psammomatous melanotic schwannoma were the most frequent causes of related operations
in our patients. Cardiac myxomas, occurring in 53% of our patients, were the most serious,
and have been reported previously to cause more than 50% of mortalities in these patients
[7]. Three adrenal operations were delayed in order to first address the cardiac myxomas and
two patients suffered strokes from these lesions prior to resection. Three patients were
diagnosed with cardiac myxomas in follow-up, and four patients had multiple myxomas
requiring multiple operations. These data highlight the importance of screening patients with
suspected PPNAD for CNC both at the time of presentation, in order to avoid a catastrophic
intra-operative event during adrenalectomy and in follow-up.

It is interesting that in our series, cyclic presentation of Cushing Syndrome was significantly
associated with cardiac myxoma. Cyclic symptomatology is a rare presentation of Cushing
Syndrome and has been described primarily in the pediatric literature and often associated with
PPNAD [21]. Cyclic (or periodic) Cushing Syndrome is a cause of atypical Cushing Syndrome
which is difficult to diagnose because of incomplete suppression of the hypothalamic-pituitary-
adrenal axis and, therefore, the inability to use dexamethasone suppression testing toward that
purpose. The lack of proper testing coupled with the periodicity of symptomatology makes the
diagnosis of cyclic Cushing Syndrome extremely hard. The etiology of the association of cyclic
Cushing Syndrome and cardiac myxoma is unclear. Possible pathophysiologic explanations
for this association include hemodynamic changes affecting adrenocortical function due to the
presence of a heart neoplasm or the known production of the inflammatory cytokine,
interleukin-6 (IL-6), by heart myxomas [22]. IL-6 is an important regulator of adrenocortical
function [23].

Our data as well as previously published reports [5] demonstrate that MAH and PPNAD are
curable disorders by adrenalectomy. The diagnosis should be considered whenever an adrenal
source of Cushing Syndrome is established and should be excluded whenever imaging is
equivocal or family history is suggestive. Liddle’s test should be used for the diagnosis.
Laparoscopic bilateral resection is curative with careful technique and carries minimal
morbidity. Gluco- and mineralocorticoid replacement should be started immediately after
stress doses are tapered. Patients with PPNAD should be followed closely for other
manifestations of CNC, especially cardiac myxomas.
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Figure 1. Laboratory data
Comparisons of continuous, numerical data between patients with cyclic and non-cyclic
Cushing Syndrome were done using an exact Wilcoxon rank sum test. The categorized ACTH
level distributions were compared between groups using an exact Cochran-Armitage test for
trend.
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Figure 2. Adrenal CT images
Digitally processed CT images reproduced at 200% magnification. Arrows point to adrenal
glands.

A. Normal adrenal glands in a patient without adrenal disease

B. Essentially normal appearing adrenal glands in a patient with PPNAD.

C. Bilateral micronodular hyperplasia

D. Classic “beads-on-a-string” appearance of adrenal glands in a patient with PPNAD

E. Right adrenal adenoma in the setting of bilateral micronodular hyperplasia

F. Bilateral micronodular hyperplasia with more than one macronodule.
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Figure 3. Pathology: PPNAD
Digitally processed photomicrographs of adrenal glands with hematoxylin and eosin stain. Left
panel: PPNAD with discrete nodules within the section. Entire tissue section imaged with
Mosaix© software, 10X. Right panel: Pigmented Nodule. 40X magnification of area
surrounded by box in left panel.
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Figure 4. Pathology: MAH
Digitally processed photomicrographs of adrenal glands with hematoxylin and eosin stain. Left
panel: MAH with multiple nodules and hyperplasia throughout the section. Entire tissue section
imaged with Mosaix© software, 10X. Right panel: Non-pigmented nodule. 40X magnification
of area surrounded by box in left panel.
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Table 1
Patient Characteristics (n=34)

Adults Children Noncyclic CS* Cyclic CS*

Total n (%) 15 (44) 19 (56) 25 (74) 9 (26)
Males n (%) 2 (13) 6 (32) 6 (24) 2 (22)
Females n (%) 13 (87) 13 (68) 19 (76) 7 (78)
Mean age of presentation (yrs) ±
SEM

32 ± 3 10 ± 1 20 ± 3 19 ± 4

Range of presentation (yrs) 20–57 2.7–19 2.7–57 3.9–35
Mean symptom duration (mos) ±
SEM

51 ± 11 22 ± 4 28 ± 7 54 ± 12

Range of duration (mos) 6–168 3–47 3–168 15–132

*
CS: Cushing Syndrome
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Table 2
Symptoms and Exam Findings in Non-cyclical Patients (n=25)

Symptom n (%) Exam Finding n (%)

Weight gain 23 (92) Cushing fat distribution 21 (84)
Excessive hair 11 (44) Hirsutism 14 (56)
Growth arrest* 10 (40) Striae 13 (52)
Fatigue 10 (40) Hyperpigmentation 11 (44)
Weakness 8 (32) Lentigines 9 (36)
Psychiatric symptoms 5 (20) Acne 7 (28)
History of hypertension 6 (24) Muscle weakness 6 (24)
Problems associated with CNC+ 4 (16) Acanthosis nigricans 3 (12)
Fractures 4 (16) Cardiac murmur 3 (12)
Sleep disturbance 3 (12) Skin myxoma 2 (8)

*
growth arrest was reported in 9/19 pediatric patients and 1 adult patient whose symptoms had been present since age 18

+
CNC: Carney’s Complex
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Table 4
Frequent Manifestations of CNC* Among Patients with both MAH+ and CNC±

Manifestation All Patients Cyclical CS§ with
CNC

Non-cyclical CS with
CNC

p[]

n=19 n=6 n=13

PRKAR1A mutation 18 (95%) 6 12 1.00
PPNAD¶ 18 (95%) 6 12 1.00
Pigmentation 12 (63%) 5 7 0.33
Cardiac Myxoma 10 (53%) 6 4 0.009
LCCST# (males) n=5 4 (80%) 2 2 1.00
Thyroid cancer or nodule 12 (63%) 5** 7 0.22
PMS++ 3 (21%) 1 2 1.00

*
CNC: Carney’s Complex

+
MAH: Micronodular Adrenal Hyperplasia

±
One patient’s CNC status is still pending.

§
CS: Cushing syndrome

[]
calculated using Fisher’s exact test.

¶
PPNAD: Primary Pigmented Nodular Adrenocortical Disease

#
LCCST: large-cell calcifying Sertoli cell tumors

**
2 patients with cyclical CS had cancer; one died of follicular cancer.

++
psammomatous melanotic schwannomas
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