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Abstract

Purpose Bilateral adrenalectomy (BA) still plays an important role in the management of Cushing’s disease (CD). Nelson’s
syndrome (NS) is a severe complication of BA, but conflicting data on its prevalence and predicting factors have been
reported. The aim of this study was to determine the prevalence of NS, and identify factors associated with its development.
Data sources Systematic literature search in four databases.

Study Selection Observational studies reporting the prevalence of NS after BA in adult patients with CD.

Data extraction Data extraction and risk of bias assessment were performed by three independent investigators.

Data synthesis Thirty-six studies, with a total of 1316 CD patients treated with BA, were included for the primary outcome.
Pooled prevalence of NS was 26% (95% CI 22-31%), with moderate to high heterogeneity (> 67%, P <0.01). The time from
BA to NS varied from 2 months to 39 years. The prevalence of NS in the most recently published studies, where magnet
resonance imaging was used, was 38% (95% CI 27-50%). The prevalence of treatment for NS was 21% (95% CI 18-26%).
Relative risk for NS was not significantly affected by prior pituitary radiotherapy [0.9 (95% CI 0.5-1.6)] or pituitary surgery
[0.6 (95% CI 0.4-1.0)].

Conclusions Every fourth patient with CD treated with BA develops NS, and every fifth patient requires pituitary-specific
treatment. The risk of NS may persist for up to four decades after BA. Life-long follow-up is essential for early detection
and adequate treatment of NS.

Keywords Bilateral adrenalectomy - Cushing’s disease - Corticotroph adenoma - Nelson’s syndrome

Abbreviations Introduction

CDh Cushing’s disease

BA Bilateral adrenalectomy Cushing’s disease (CD) is a rare disorder associated with
NS Nelson’s syndrome excess morbidity and increased mortality [1, 2]. Previously,

bilateral adrenalectomy (BA) was the mainstay treatment
for CD. During the last decades, however, other treatment
modalities have emerged, including pituitary surgery, radio-
therapy and medical treatments. Despite this, BA is still con-
sidered when other treatment options have failed to achieve
remission, or when a rapid relief of hypercortisolism is nec-
essary [3].

BA is considered to be a safe and effective treatment

ACTH Adrenocorticotropic hormone
RR Relative risk

MRI Magnet resonance imaging
CT Computer tomography
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for CD [4], especially after the laparoscopic approach
was introduced during the 1990s [5]. There are, however,
significant drawbacks with BA, mainly the unavoidable
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chronic adrenal insufficiency, as well as the risk for Nel-
son’s syndrome (NS), i.e., growth of the remaining pitui-
tary tumor and excessive production of ACTH, that may
cause optic nerve or chiasmal compression and mucocu-
taneous hyperpigmentation [6].

The prevalence of NS varies between studies, mainly due
to a lack of consensus on the definition and diagnostic cri-
teria for the syndrome [7, 8]. Previously published studies
are also inconsistent as to whether factors such as previous
radiotherapy, age at BA, gender and duration of CD, may
affect the risk of developing NS. Furthermore, high ACTH
concentrations after BA have been suggested as a risk factor
for developing NS [9-12].

Thus, the primary aim of this systematic review and
meta-analysis was to estimate the prevalence of NS after BA
for CD, both the total prevalence of NS as well the preva-
lence of NS requiring treatment with pituitary surgery and/
or radiotherapy. The secondary aim was to investigate risk
factors associated with development of NS.

Methods

A systematic review and meta-analysis was conducted
according to the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) [13]. The PICO pro-
cess was applied for the definition of the research question
and eligibility criteria for the literature search. The protocol
of this review was registered in the PROSPERO database
(CRD42020163918).

Search strategy

We searched PubMed, Embase, Cochrane Library and
Web of Science on February 25" 2020, with no start date
restriction, for relevant articles by using the following
terms: “Cushing’s syndrome” or “Cushing’s disease” or
“Hypercortisolism” or “Pituitary ACTH hypersecretion”
or “corticotroph tumor” or “corticotroph tumors” or “corti-
cotroph adenoma” or “corticotroph adenomas” or “cortico-
tropinoma” or “corticotropinomas” or “corticotrophinoma”
or “corticotrophinomas” or “ACTH pituitary adenoma” or
“ACTH pituitary adenomas” or “adrenocorticotropin pitui-
tary adenoma” or “adrenocorticotropin pituitary adenomas”
AND *“bilateral adrenalectomy” or “bilateral adrenalecto-
mies” or “total adrenalectomy” or “total adrenalectomies”.
A detailed description of the search strategy is given in the
Supplementary. Also, references of the included studies and
relevant review articles were checked manually for addi-
tional articles. A new search was performed on January 12th
2021, prior submission, to identify any new publications.

@ Springer

Study selection and eligibility criteria

Eligible studies were observational studies (cohort or cross-
sectional studies) reporting the prevalence of NS in adult
patients with CD treated with BA. Studies including only
children (age < 18 years), review articles, letters, commen-
taries and meeting abstracts were excluded. Moreover, case
reports, case-series and studies with a population of fewer
than 10 cases were excluded. Also, studies written in lan-
guages other than English were not considered for inclusion.

Data collection process and data extraction

Titles and abstracts from all identified articles were screened
for eligibility and further full-text assessment by three inde-
pendent investigators (EP, MP, OR). Discrepancies were
resolved through discussion and consensus. Duplicate arti-
cles and studies with overlapping populations were excluded.
In the latter case, the publication with the largest population,
more comprehensive information on relevant clinical vari-
ables and/or lowest risk of bias was included.

Full-text assessment and data extraction were conducted
independently by the same investigators as above. Data
on the following predefined variables were extracted: first
author, year of publication, region/hospital, study period,
characteristics of the study population (number of patients,
gender, follow-up, age at CD, age at BA, previous treatment
with radiotherapy and/or pituitary surgery, ACTH concen-
trations at BA, MRI findings at CD and at BA), intervention
(BA as primary or secondary treatment, remission status)
and outcome (criteria for NS, number of patients with NS,
age at NS, time from BA to NS, ACTH concentrations one
year after BA, number of patients treated for NS, type of
treatment; pituitary radiotherapy and/or pituitary surgery).

One of the studies included in the meta-analysis is our
nationwide Swedish study on CD [2]. Additional clinical
data, not provided in the original publication, was retrieved
and used in the current analysis (Table 1).

Risk of bias assessment

The Newcastle—Ottawa Scale [14], modified to suit the
current study, was used for assessment of risk of bias of
all included studies. Three investigators (EP, MP, OR)
assessed the studies independently, and any disagreements
were resolved by discussion. Selection, comparability and
outcome were assessed through predefined criteria. All
studies that provided information on NS as outcome, and/
or corticotroph tumor progression, were included, and the
definition as well as the treatment of NS were recorded
(Table 1 and Table S1). A clear definition of NS and
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Table 1 (continued)

&

with NS-median/Mean

Age at BA in patients
(yn

NS —mean /median,

[range] (yr)

Time from BA to

Follow-up—
[range] (yr)

treated for NS median/mean,

Patients
n (%)

with NS n

(%)

‘Women
with NS n
(%)

Women n (%) Patients

Study
popula-
tion n

Period

Country

Study

Springer

329
NA

5.9 [0.5-39]
6.1 [NA]
3 [NA]

22 [0-53]

NA

30(31)

NA

24 (77)

NA

31 (32)
5(29)

71 (74)
14 (82)
29 (67)

1987-2013 96
1990-2015 17

Sweden

Ragnarsson et al. [2%]

Sarkis et al. [51]
Das et al. [53]

France
India

31.1

7 [1-12]

11 (64) 16 (37)

17 (40)

1984-2019 43

NS nelson syndrome, BA bilateral adrenalectomy, yr years, NA not available/not applicable

2Additional data

Data are given as no. (%) unless otherwise indicated

information on treatment were considered to be two of
the most important components of the quality assessment.
We considered the definition of NS to be clear when it
included either a new visible pituitary tumor or progres-
sion of a pituitary tumor remnant following BA, alone,
or in combination with high ACTH concentrations and/
or hyperpigmentation. Detailed description of the criteria
for the risk of bias assessment is provided in the Supple-
mentary file. Studies with an overall score > 5 (max overall
grade 8) and a clear definition of NS, were considered to
have a low risk of bias.

Data synthesis and statistical analysis

Primary endpoints were the prevalence of NS, as well as the
prevalence of pituitary-specific treatment for NS. Descrip-
tive data are presented as median (range or interquartile
range; IQR). Meta-analysis was performed by using the
meta package in R (version 4.0.3) [15]. Statistical pooling
was performed according to random-effects model due to
the clinical heterogeneity among the included studies [16].
For all analyses, indices of heterogeneity, /* statistics and
Cochrane’s Q test, are reported. For the primary outcomes
we estimated pooled prevalence with 95% confidence
intervals (95% CI). Statistical significance was defined as
P <0.05. The possibility of publication bias was assessed by
visual inspection of funnel plots as well as with the Egger’s
test [17].

Sensitivity analyses were performed by excluding studies
with an overall risk of bias <5, and studies where informa-
tion on diagnostic criteria for NS was lacking. By choos-
ing the overall risk of bias <5, all studies without adequate
follow-up were also excluded (Table S2). Also, another
sensitivity analysis was performed by including all studies
reporting the number of patients with NS who received treat-
ment for NS (Table 1).

Subgroup analyses were performed to investigate factors
that may affect the prevalence of NS, namely pituitary radi-
otherapy prior to BA, prophylactic pituitary radiotherapy,
overall radiotherapy (prior to BA or prophylactic), pituitary
surgery (transcranial or transsphenoidal surgery) prior to
BA, and BA as primary or secondary treatment. For these
outcomes, we estimated relative risks (RRs), or pooled
prevalence, with 95% CIs. Also, in a subgroup analysis, the
prevalence (with 95% CI) of NS and treatment for NS were
estimated in studies where MRI was used at diagnosis and
during follow-up.

Uni- and bivariate meta-regression was used to investi-
gate whether the prevalence of NS was influenced by median
follow-up time or age at BA. The meta-analysis was per-
formed by using the Metareg command in R. The estimated
association is reported as f coefficient.
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Role of funding source

The funding source had no role in the design and conduc-
tion of the study; i.e., collection, management, analysis, and
interpretation of the data; preparation, review, or approval
of the manuscript; and decision to submit the manuscript
for publication.

Results
Identification and description of included studies

After removal of duplicates, 1702 articles were identified
(Fig. 1). Three additional articles were found after check-
ing the reference lists of identified articles and review
papers. After reviewing titles, abstracts and full-text arti-
cles, 48 articles were considered eligible for further analy-
sis. Of these, however, 11 articles were excluded due to

)

overlapping or identical patient cohorts. Thus, 37 studies
published between 1976 and 2020, were included in the
current meta-analysis (Fig. 1). All studies had a retrospec-
tive observational design. Characteristics of the included
studies are presented in Table 1. Two of the included stud-
ies had an overlapping cohort where one was used for the
main outcome [18] and one [19] for the subgroup analyses
on the influence of radiotherapy on the development of
NS. An overview of risk of bias assessment of the eligible
studies is provided in Table S2.

In total, 1316 patients with CD treated with BA were
included. The median follow-up after BA was 7 years (23
studies, range 3.3-22). Median age at BA in patients with
NS was 31 years (13 studies, IQR 26-34). Median time
from BA to the diagnosis of NS was 4 years (19 studies)
with the shortest reported time being 2 months [20] and
the longest 39 years [2]. At diagnosis of NS, hyperpig-
mentation was reported in 155 of 188 (82%) patients (19
studies) and chiasmal compression in 24 of 129 (19%)
patients [11 studies].

Additional records identified
through other sources
(n=3)

Duplicates removed
(n=1610)

Fig. 1 Flowchart of study
selection S Records identified through
g database search
E (n =3309)
c
]
3
— Y
o0
c
'S
]
o
5
@

>
=
]
oo
w

A 4

Records excluded
(n=1534)

Records screened
(n=1702)

Y

A 4

Full-text articles excluded, with reasons
(n=120)

Full-text articles assessed
for eligibility —
(n=168)

Duplication (n=7)

No data on Nelson’s syndrome (n=46)

No data on bilateral adrenalectomy (n=13)
Case-reports (n=13)

Cohort with < 10 patients (n=29)

Cohorts including only children (n=6)

No original data (review, letter) (n=6)

A

Eligible studies

(n=48) > ) )
Overlapping studies

(n=11)

4

Studies included in
qualitative and
quantitative synthesis
(n=37)
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Prevalence of NS

Thirty-six of 37 studies, with total 1316 patients with CD
treated with BA, were included [2, 18, 20-53]. Reported
prevalence of NS ranged from 4 to 60%. The mean pooled
prevalence was 26% (95% CI 22-31%) with a moderate to
high heterogeneity (I* 67%, P <0.01) (Fig. 2). The Egg-
er’s test was statistically significant (P =0.01), but visual
inspection showed no obvious asymmetry. The significant
Egger’s test indicates publication bias, probably explained
by the fact that case reports and cohorts with fewer than
10 participants were excluded (Fig. S1).

In a sensitivity analysis, excluding all studies with high
risk of bias (overall score < 5) and no clear definition of
NS, the pooled prevalence was 31% (95% CI 24-38%; I
76%, 17 studies, 822 patients; P <0.01) (Fig. S2). In a
subgroup analysis, the prevalence of NS in studies where
MRI was used at diagnosis and during follow-up was 38%
(Fig. 3; 95% CI 27-50%; 1> 71%, 7 studies, 280 patients;
P<0.01).

Prevalence of treated NS

The pooled prevalence of treatment for NS was 21% (95%
C118-26%; I> 52%, P < 0.01) (Table 1; 29 studies with 1074
patients). Thus, the pooled prevalence was slightly lower,
compared to the pooled prevalence of NS in total, as well
as the heterogeneity (Fig. S3). The funnel plot showed no
asymmetry and Egger’s test was not statistically significant,
indicating low possibility of publication bias (Fig. S4). In a
subgroup analysis, the prevalence of treated NS in studies
where MRI was used at diagnosis and during follow-up was
25% (95% C1 17-35%; I* 61%, 7 studies; P=0.02).

The indication for treatment was progression of the pitui-
tary tumor in 23 out of 28 patients (82%, five studies), optic
chiasmal compression in 11 out of 91 patients (12%, 11
studies), while four patients out of 14 (one study) had both
these indications for treatment. Twenty-six studies provided
information on treatment modalities (pituitary surgery and/
or radiotherapy). Seventy-three out of 201 patients with NS
(36%) were treated with pituitary surgery, 86 (43%) with
radiotherapy and 41 (20%) received both treatments.

Study Events Total Proportion 95%-Cl Weight
Moore et al, 1976 9 120 & 0.07 [0.03;0.14] 3.4%
Nabarro et al, 1977 6 32 —8—— 0.19 [0.07;0.36] 2.9%
Scott et al, 1977 1 26 =— 0.04 [0.00;0.20] 1.1%
Cohen K. et al, 1978 8 21 — 0.38 [0.18;0.62] 2.9%
Jordan et al, 1979 4 12 —_— 0.33 [0.10;0.65] 2.2%
Barnett et al, 1983 3 15 —&—— 0.20 [0.04;0.48] 2.0%
Kasperlik et al, 1983 14 50 —a— 0.28 [0.16;0.42] 3.6%
Kelly et al, 1983 11 38 — 0.29 [0.15; 0.46 3.3%
Kuhn et al, 1989 20 72 — 0.28 [0.18;0.40] 3.9%
Grabner et al, 1991 10 80 —&— 0.12 [0.06;0.22] 3.5%
McCance et al, 1993 7 26 — 0.27 [0.12;0.48] 2.9%
Zeiger et al, 1993 1 10 ———— 0.10 [0.00;0.45] 1.0%
Favia et al, 1994 6 41 —8— 0.15 [0.06;0.29] 2.9%
Kemink et al, 1994 8 48 —w— 0.17 [0.07;0.30] 3.2%
Misra et al, 1994 2 16 —&———— 0.12 [0.02;0.38] 1.7%
Jenkins et al, 1995 1 38 —— 0.29 [0.15;0.46] 3.3%
Pereira et al, 1998 14 30 — 0.47 [0.28;0.66] 3.3%
Imai et al, 2000 4 16 — 0.25 [0.07;0.52] 2.3%
Nagesser et al, 2000 10 44 —i— 0.23 [0.11;0.38 3.3%
Hofmann et al, 2006 1 0.09 [0.00; 0.41 1.1%
Assié et al, 2007 21 53 — 0.40 [0.26;0.54] 3.8%
Gil-Cardenas et al, 2007 11 39 —— 0.28 [0.15;0.45] 3.4%
Thompson et al, 2007 3 35 —&—: 0.09 [0.02; 0.23 2.2%
Smith et al, 2009 13 40 — 0.32 [0.19;049] 3.5%
Ding et al, 2010 6 34 —&——— 0.18 [0.07;0.35] 2.9%
ORwald et al, 2014 7 29 —— 0.24 [0.10; 0.44] 3.0%
Prajapati et al, 2015 5 12 : 0.42 [0.15;0.72] 2.3%
Espinosa-de-Los-Monteros et al, 2017 6 10 0.60 [0.26;0.88] 2.0%
Graffeo et al, 2017 47 88 i — 0.53 [0.42; 0.64 4.1%
Nankova et al, 2018 9 36 —a— 0.25 [0.12; 0.42 3.2%
Chiloiro et al, 2019 1 ff—— 0.09 [0.00; 0.41 1.1%
Cohen A. et al, 2019 6 13 — 0.46 [0.19; 0.75 2.4%
Nagendra et al, 2019 6 14 —_— 0.43 [0.18; 0.71 2.5%
Sarkis et al, 2019 5 17 — 0.29 [0.10; 0.56 2.5%
Ragnarsson et al, 2019* 31 96 S o 0.32 [0.23;043] 4.1%
Das et al, 2020 17 43 —— 0.40 [0.25;0.56] 3.6%
Random effects model 1316 <= 0.26 [0.22; 0.31] 100.0%

Heterogeneity: 12 = 67%, 2 = 0.3189, p < 0.01

02 04 06 08

Fig.2 Forest plot showing individual studies and pooled prevalence of Nelson’s syndrome after bilateral adrenalectomy in patients with Cush-

ing’s disease. *Additional data

@ Springer
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Study Events Total
Assié et al, 2007 21 53
Gil-Cardenas et al, 2007 1" 39
Thompson et al, 2007 3 358 —
Prajapati et al, 2015 5 12
Espinosa-de-Los-Monteros et al, 2017 6 10
Graffeo et al, 2017 47 88
Das et al, 2020 17 43
Random effects model 280

Heterogeneity: 1° = 71%, t* = 0.3080, p < 0.01

RS . S

Proportion 95%-Cl Weight

_ 0.40 [0.26:0.54] 17.7%
0.28 [0.15:0.45] 15.8%
0.09 [0.02:0.23] 10.2%

0.42 [0.15:0.72] 10.5%
: 0.60 [0.26:0.88] 9.5%
C— 0.53 [0.42; 0.64] 19.4%
—_— 0.40 [0.25:0.56] 16.9%

_ 0.38 [0.27; 0.50] 100.0%

| T 1
04 06 08

Fig.3 Forest plot showing individual studies using magnetic resonance imaging and pooled prevalence of Nelson’s syndrome after bilateral

adrenalectomy in patients with Cushing’s disease

Radiotherapy

Nineteen studies provided information on radiotherapy
prior to BA. However, nine studies had no events and no
patients in one of the arms (radiotherapy or no radiother-
apy) (Table S3). Thus, ten studies were eligible for fur-
ther estimation, showing that the risk for NS in patients
treated with radiotherapy prior to BA was comparable to
the risk in patients not treated with radiotherapy (RR 0.9,
95% CI 0.5-1.6; 10 studies with 564 patients) (Fig. 4).

Thirteen studies provided information on prophylactic
radiotherapy. However, only one study provided applica-
ble data for calculating RR, thus subgroup analysis was
not performed (Table S4). In that study [20], none of the
seventeen patients who received prophylactic radiother-
apy developed NS, while 11 of 22 patients without radio-
therapy developed NS after a mean follow-up of 4.4 years
(range 10-16 years).

By using studies with information on either previous or
prophylactic radiotherapy (11 studies with 603 patients;
Table S5), the pooled RR was 0.8 (95% CI 0.5-1.5).

Pituitary surgery prior to BA

Of 21 studies with information on pituitary surgery prior to
BA (Table S6), only ten provided information for estimation
of RR. A pooled RR of 0.6 (10 studies with 430 patients;
95% CI1 0.4-1.0) was found (Fig. 5), indicating that the risk
for developing NS was not influenced by previous pituitary
surgery.

BA as primary or secondary treatment for CD

Information on whether patients with NS were treated pri-
marily with BA or not, was provided in ten and nine studies,
respectively (Fig. S5 and S6). The pooled prevalence of NS
was 26% (95% CI 20-33%) for patients treated primarily
with BA and 22% (95% CI 15-31%) for patients who had
been treated with pituitary surgery and/or radiotherapy prior
to BA.

ACTH concentrations one year after BA

Four studies provided information on ACTH concentra-
tions during the first year after BA [45, 49, 52, 53]. In a

RTX No RTX
Study Events Total Events Total Risk Ratio RR 95%-Cl Weight
Moore et al, 1976 2 20 7 100 — 1.43 [0.32; 6.38] 8.6%
Scott et al, 1977 0 14 1 12 ; 0.29 [0.01; 6.44] 2.9%
Grabner et al, 1991 2 17 8 63 —i— 0.93 [0.22; 3.97] 8.9%
McCance et al, 1993 0 2 7 24 — 0.65 [0.05; 8.37] 4.1%
Favia et al, 1994 4 19 2 22 —— 2.32 [0.48;11.27] 8.1%
Pereira et al, 1998 4 8 10 22 —— 1.10 [0.48; 2.52] 14.5%
Nagesser et al, 2000 4 30 6 14 —&— 0.31 [0.10; 0.93] 11.8%
Graffeo et al, 2017 20 25 27 63 ER 1.87 [1.32; 2.64] 19.3%
Cohen A. et al, 2019 4 7 2 6 —r 1.71 [0.47; 6.30] 10.1%
Ragnarsson et al, 2019* 3 30 28 66 —&— 0.24 [0.08; 0.72] 11.7%

Random effects model 172 392
Heterogeneity: 12 = 59%, 12 = 0.4171, p < 0.01

Fig.4 Forest plot showing the RR (relative risk) and 95% CI for Nel-
son’s syndrome in patients treated with radiotherapy prior to bilateral
adrenalectomy versus no radiotherapy. RR could not be calculated

5>t_z 0.92 [0.52; 1.64] 100.0%

01 0512 10

when there were no cases in the RTX or no RTX arms, and when
no events in either arm. *Additional data. RTX, radiotherapy prior to
bilateral adrenalectomy or prophylactic radiotherapy
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Surgery No surgery
Study Events Total Events Total
Scott et al, 1977 0 1 1 25
McCance et al, 1993 5 18 2 8
Kemink et al, 1994 2 22 6 26
Jenkins et al, 1995 0 8 11
Pereira et al, 1998 9 21 5 9
Nagesser et al, 2000 0 4 10 40
Gil-Cardenas et al, 2007 7 20 4 19
Smith et al, 2009 7 34 6 6
Ragnarsson et al, 2019* 6 29 25 67
Das et al, 2020 7 23 10 20
Random effects model 180 250

Heterogeneity: I = 51%, 2 = 0.2969, p = 0.03

Fig.5 Forest plot showing the RR (relative risk) and 95% CI for
Nelson’s syndrome in patients treated with pituitary surgery prior
to bilateral adrenalectomy versus no pituitary surgery. RR could not

study by Assié et al. the median ACTH concentration in
patients who developed NS was 301 pmol/L, compared to
79 pmol/L in patients without NS (upper range of limit; URL
13 pmol/L) [52]. The median ACTH concentration in a study
by Cohen et al. was 105 pmol/L in the NS group compared
to 18 pmol/L in patients without NS (P =0.007) (URL
10 pmol/L) [49]. Also, in a study by Das et al., there was a
statistically significant difference in ACTH concentrations
one year after BA between patients with and without NS
(110 vs 21 pmol/L respectively; P=0.002) [53]. On the con-
trary, Espinosa-de-Los-Monteros et al.found no difference
in ACTH concentrations between the patients with NS and
those without NS [45]. Thus, three of four studies found that
high ACTH concentrations one year after BA were associ-
ated with the development of NS. However, since the ACTH
assays and the conditions when ACTH was collected were
different in these studies (Table S7), further comparison or a
meta-analysis on ACTH levels after BA was not considered
feasible.

Influence of age at BA and duration of follow-up
on prevalence of NS

In a meta-regression analysis, age at BA
(B-coefficient=—0.03, P=0.4; Fig. 6) and median duration
of follow-up (B-coefficient=0.01, P=0.7; Fig. S7) were
not associated with prevalence of NS. After adjustment for
follow-up, age at BA was still not associated with prevalence
of NS (B-coefficient=-0.03, P=0.4).

Discussion
In this study we have for the first time evaluated the pooled

prevalence of NS by using a meta-analysis on data from 36
studies, including more than 1300 patients with CD treated

@ Springer

Risk Ratio RR 95%-Cl Weight

———+———— 567 [0.36;88.16] 3.0%

; 111 [0.27; 4.56] 8.4%

e 0.39 [0.09: 1.76] 7.8%

30 ———+—1— 0.16 [0.01: 2.39] 3.1%

- 0.77 [0.36: 1.66] 15.3%

—_— 043 [0.03: 6.16] 3.2%

e 1.66 [0.58° 4.78] 11.7%

= 0.22 [0.12; 0.41] 17.1%

—t 0.55 [0.25: 1.21] 15.1%

—& 0.61 [0.29; 1.30] 15.4%

== 0.61 [0.36; 1.01] 100.0%
1T T 1

0.1 0512 10

be calculated when there were no cases in the surgery or no surgery
arms, and when no events in either arm. *additional data. Abbrevia-
tions: Surgery, pituitary surgery prior to bilateral adrenalectomy

with BA. The overall prevalence of NS was 26% and the
median time from BA to diagnosis of NS was 4 years, rang-
ing from 0.2 to 39 years. The prevalence of patients requir-
ing pituitary-specific treatment for NS was 21%. Further-
more, radiotherapy and pituitary surgery prior to BA, as well
as age at BA, did not seem to affect the risk of developing
NS.

Various definitions have been used for NS over the past
decades [12]. Historically, the diagnosis was based on
clinical findings related to mucocutaneous hyperpigmenta-
tion and chiasmal compression, together with signs of an
enlarged sella turcica on skull radiography [6]. Since then,
the diagnosis of NS in most studies has been based on (i)
radiological evidence of a pituitary tumor that becomes
visible, or a progression of a preexisting tumor, (ii) “high”
ACTH concentrations, and (iii) hyperpigmentation [54]. In
the studies with the highest prevalence of NS [45, 46], the
diagnosis was based on rising ACTH concentrations and an
expanding pituitary mass, where 2 mm increment in tumor
size on MRI was considered to be a significant growth. On
the contrary, the criteria for NS in studies with the lowest
prevalence were based on hyperpigmentation, often but not
always combined with a pituitary tumor responding to radio-
therapy and/or a radiographic evidence of pituitary tumor
on skull radiography [21, 23]. Thus, the great variance in
the prevalence of NS between studies can, at least partly, be
explained by the different definitions of NS. Consequently,
in an expert opinion published in 2010, it was suggested that
the diagnosis of NS should be based on an elevated level of
ACTH >500 ng/L (110 pmol/L) in addition to rising levels
of ACTH on at least three consecutive occasions and/or an
expanding pituitary mass on MRI or CT following BA [54].
Similarly, in a recently published expert consensus recom-
mendation, based on a systematic review, it was suggested
that NS should be defined as radiological progression or
new detection of a pituitary tumor on a thin-section MRI
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[55]. Furthermore, the authors recommend active surveil-
lance with MRI three months after BA, and every 12 months
for the first 3 years, and every 2—4 years thereafter, based on
clinical findings. The meta-regression of the current analysis
did not show an association between median follow-up time
and prevalence of NS. Nevertheless, NS occurred as early as
2 months [20], and up to 39 years after BA [2], supporting
that life-long surveillance after BA is necessary for patients
with CD.

Active surveillance with MRI was more common in stud-
ies published during the last two decades. In fact, the use
of MRI in recent studies resulted in earlier detection of a
growing pituitary adenoma and, subsequently, contributed
to a higher prevalence of NS. Namely, the seven studies
including patients treated with BA after 1990 and using
MRI reported higher prevalence of NS, both overall NS and
treated NS.

Whether factors such as pituitary radiotherapy affects the
risk for development of NS has been evaluated in several
studies. Some studies have shown that radiotherapy prior to
BA, or administrated prophylactically, can prevent or delay
the development of NS [20, 39]. On the contrary, other stud-
ies have not demonstrated a protective effect of radiotherapy
prior to BA [18, 37] and, moreover, one study found an asso-
ciation with tumor progression [46]. Nevertheless, the cur-
rent meta-analysis indicates that radiotherapy prior to BA
does not decrease the risk of developing NS. Neither did
previous pituitary surgery affect the risk for NS.

Elevated ACTH concentrations during the first year after
BA have been considered to be a strong predictor of NS [49,
52]. In fact, seven studies in the current analysis included
cut-off levels for ACTH concentration, arbitrarily defined,
for the diagnosis of NS [18, 25, 34, 36, 41, 45, 49]. Due to
the different ACTH assays, and different conditions when

@ Springer



806

Pituitary (2021) 24:797-809

ACTH was collected, no further analysis on ACTH levels
was performed. Nevertheless, four studies [45, 49, 52, 53]
reported ACTH concentrations one year after BA in both
patients with and without NS. Three of these studies found
that high ACTH concentrations one year after BA [49, 52,
53] were associated with pituitary tumor progression. Thus,
these findings support the suggestion that ACTH should be
monitored following BA in patients with CD [54, 55].

The prevalence of treatment for NS (21%), and the hetero-
geneity index (52%), were slightly lower than in the analy-
sis of total prevalence of NS (26%, I? 67%). The majority
of the patients was treated with radiotherapy, followed by
pituitary surgery and combination of pituitary surgery and
radiotherapy. Today, surgical removal of the pituitary tumor
is considered to be the first-line therapy of NS whereas radi-
otherapy is considered if surgery has failed or is not possible
[12, 54, 56]. In a large multi-center study by Fountas et al.,
the 10-year progression-free survival rates after surgery
alone, or with radiotherapy, for patients with NS was 80%
and 81%, respectively [57]. In comparison, progression-free
survival rate in patients who did not receive treatment was
51%. Reports on the efficacy of medical therapy for NS have
shown inconsistent results [56].

Strengths and limitations

This is the largest systematic review, and the first meta-anal-
ysis, on NS published to date. However, some limitations
have to be acknowledged. Most important are the different
diagnostic methods used to detect NS, and the different defi-
nitions of the syndrome between the studies. The majority of
the studies have used the combination of hyperpigmentation,
high ACTH concentrations and radiological findings for the
diagnosis of NS. Notwithstanding these common criteria,
there were still differences in the cut-offs of ACTH levels,
the use of different radiological modalities over time as well
as the radiological definition of progress of pituitary tumors.
Moreover, in some studies radiological findings were used
solely or in combination with either hyperpigmentation
and/or bitemporal hemianopsia, ACTH concentrations or
response to treatment of NS. Furthermore, in several stud-
ies a clear definition of NS was not provided. Nevertheless,
we consider our attempt to address the heterogeneity of the
included studies, through systematic review, quality assess-
ment, and sensitivity and subgroup analyses to be a strength.

Conclusions
The risk of NS after BA in patients with CD is consider-
able and may first become clinically evident many decades

later. Thus, life-long close follow-up is necessary for an
early detection of a growing pituitary tumor, and adequate

@ Springer

treatment when needed. Although this meta-analysis did not
find prior surgery or radiotherapy to be associated with risk
of NS, the findings are based on a limited number of studies.
Thus, in order to individualize the treatment for patients with
CD, further studies are needed where these and other factors
possibly associated with risk of NS are evaluated.
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tary material available at https://doi.org/10.1007/s11102-021-01158-z.
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