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Abstract
Objective: Data on sex differences in acromegaly at the time of diagnosis vary con-
siderably between studies.
Design: A nationwide cohort study including all incident cases of acromegaly (1978–
2010, n = 596) and a meta-analysis on sex differences in active acromegaly (40 stud-
ies) were performed.
Method: Sex-dependent differences in prevalence, age at diagnosis, diagnostic delay, 
pituitary adenoma size, insulin-like growth factor 1 (IGF-I) and growth hormone (GH) 
concentrations were estimated.
Results: The cohort study identified a balanced gender distribution (49.6% females) 
and a comparable age (years) at diagnosis (48.2 CI95% 46.5–49.8 (males) vs. 47.2 
CI95% 45.5–48.9 (females), p = 0.4). The incidence rate significantly increased during 
the study period (R2 = 0.42, p < 0.01) and the gender ratio (F/M) changed from female 
predominance to an even ratio (SR: 1.4 vs. 0.9, p = 0.03). IGF-ISDS was significantly 
lower in females compared to males, whereas neither nadir GH nor pituitary adenoma 
size differed between males and females.
In the meta-analysis, the weighted percentage female was 53.3% (CI95% 51.5–55.2) 
with considerable heterogeneity (I2 = 85%) among the studies. The mean age differ-
ence at diagnosis between genders was 3.1 years (CI95% 1.9–4.4), and the diagnostic 
delay was longer in females by 0.9 years (CI95% −0.4 to 2.1). Serum IGF-I levels were 
significantly lower in female patients, whereas nadir GH, and pituitary adenoma size 
were comparable.
Conclusion: There are only a minor sex differences in the epidemiology of acromegaly 
at the time of diagnosis except that female patients are slightly older and exhibit lower 
IGF-I concentrations and a longer diagnostic delay.
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1  |  INTRODUC TION

Acromegaly is a rare disorder caused by chronic hypersecretion of 
growth hormone (GH) from a pituitary adenoma. Recent data from 
population-based studies suggest a prevalence of 85–137 cases 
per million inhabitants and an annual incidence of approximately 
four cases per million person years.1–5 The natural history of GH-
secreting pituitary adenomas is subject to inter-individual variation 
with distinct clinical, radiological and histopathological subtypes.6,7 
The onset of acromegaly is insidious and a diagnostic delay of 
5–10 years is common,8 although this period may have shortened 
within recent years.7,9

As opposed to other hormone-secreting pituitary tumours 
where a female preponderance is present, it is less clear if the 
incidence and prevalence of acromegaly differ between men and 
women.10 Two recent reviews conclude that acromegaly is more 
prevalent in women but the gender distribution differs consider-
ably between cohorts.11,12 Female predominance has indeed been 
reported,13–17 and females are often older at the time of diag-
nosis.13,16–18 Most of the observations on sex differences derive 
from registries reporting a low disease prevalence, which could 
indicate underdiagnosis of a subgroup of patients including older 
males with mild acromegaly.13–17 A more even gender distribution 
has been reported in recent population-based surveys with overall 
higher disease prevalence.1,3,19,20

Serum insulin-like growth factor I (IGF-I) concentrations at the 
time of diagnosis are lower in females,21,22 but it is less clear whether 
GH concentrations and pituitary tumour size also display a gender 
difference.22,23 Such data are relevant for understanding the natural 
history of the condition and for providing gender-based reference 
values, where appropriate.24

The inconclusive data on gender differences in acromegaly high-
light the need for population-based studies with complete coverage 
and follow-up. We therefore conducted a population-based cohort 
study in Denmark and a meta-analysis of the literature to examine 
sex differences in active acromegaly.

2  |  MATERIAL S AND METHODS

2.1  |  Population-based Danish cohort study

The source population comprised the cumulative population of 
Denmark during the period 1977–2010. The Danish National Health 
Service provides (tax-supported) public health care, with free access 
to hospital-based and primary medical care. To ensure unambiguous 
data linkage, we used the Danish Civil Registration System, which 
assigns a unique personal identifier, the civil personal registration 
number, to each Danish resident at time of birth or upon immigra-
tion. We identified members of the acromegaly cohort from the 
Danish National Patient Registry, which contains records on all hos-
pitalizations since 1 January 1977, together with primary and sec-
ondary diagnoses coded according to the International Classification 

of Diseases (ICD).25 The Eighth Revision (ICD-8) was used until 1993 
and then replaced by the Tenth Revision (ICD-10).25

We validated each individual acromegaly diagnosis, as previ-
ously described.25 All patients with a validated acromegaly diagno-
sis residing in Denmark between 1978 and 2010 were eligible for 
the study. Disease-specific clinical variables were retrieved from 
patient records, including pituitary tumour size (maximal diameter), 
serum GH and IGF-1 levels at the time of diagnosis which were only 
available for patients diagnosed after 1991. IGF-I standard deviation 
scores (SDS) were calculated post hoc based on IGF-I data from each 
patient record using the gender and age-related cut-off levels pro-
vided for the particular assay, at the time of measurement.

2.2  |  Statistical analysis

Histogram and qq-plot were used to test continuous variables for 
normal distribution. If data were not normally distributed, log trans-
formation was applied. Data are expressed as mean CI95% or as 
geometric mean ± CI95% for log-transformed data. Unpaired t tests 
were used to compare continuous variables between groups. Chi-
square test was used to test differences in cross-tables. Correlation 
analyses were performed using Pearson's correlation coefficient. A 
p-value < 0.05 was considered statistically significant.

2.3  |  Meta-analysis

To identify published studies containing gender-specific data on 
patients with acromegaly, we searched the PubMed and Scopus 
databases in February 2019. Based on two separate search strings 
including index search terms as MeSH (PubMed) or Emtree (Embase) 
but also free text search, using the search terms: ‘acromegaly’ or 
‘pituitary tumor size’ or ‘biomarkers’ or ‘GH’ or ‘IGF-I’ or ‘age’ com-
bined with either (a) ‘incidence’ or ‘prevalence’ or (b) ‘sex’ or ‘gender’. 
Studies that provided data on gender distribution and gender-spe-
cific variables at the time of acromegaly diagnosis including age, 
random GH, nadir GH, IGF-I, IGF-I SDS and pituitary adenoma size 
were all included. For estimates on sex distribution and age at di-
agnosis only studies with >50 patients from a well-defined source 
population were selected. The following exclusion criteria were used 
to avoid bias. (1) Duplicate data, only the largest or most recent pub-
lication from a specific study setting was included.26 (2) Selected 
patient population, for example, cohorts including only surgically 
treated patients or cohorts excluding acromegaly patients with pro-
lactin co-secretion. (3) Non-population-based registries, such as in-
surance databases and small local registries.

Standardized incidence rations (SIRs) were computed by dividing 
the number of observed events by the number of expected events 
in the selected studies. Random-effects model was used by default 
given the expected heterogeneity; heterogeneity was assessed 
using the chi2-test and I2-statistics. Regression analyses were per-
formed using meta-regression. Funnel plots were used when at least 
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    |  627DAL et al.

10 studies were available for analysis. All statistical analyses were 
performed using STATA 16.

3  |  RESULTS

3.1  |  Nationwide cohort study

569 patients with acromegaly were included in the study, of whom 
49.6% were females (F = 282 cases, M = 287 cases). The mean annual 
incidence rate (IR) of acromegaly was 3.3 cases/106 person-years 
(py) (CI95% 2.9–3.7), which increased during the observation period 
(β = 0.07, R2 = 0.42, p < 0.01, Figure 1A). An increase in incidence 
appeared during the initial period, after which the incidence rate 
reached a plateau (1977–1988, IR: 2.2 cases/106 py (CI95% 1.5–2.9) 
vs. 1989–2010, IR: 3.8 cases /106 py (CI95% 3.5–4.1), p  <  0.01, 
Figure 1A). The IR was higher in female patients only in the first pe-
riod (F: 2.5 (CI95% 1.6–3.5) vs. M: 1.8 (CI95% 1.2–2.4), p = 0.05) and 
the sex ratio (female/male) changed from a female predominance to 
an even ratio (SR: 1.4 vs. 0.9, p = 0.03).

The mean age at diagnosis was comparable for males and fe-
males (M: 48.2  years, CI95% 46.5–49.8; F: 47.2  years, CI95% 
45.5–48.9, p = 0.4, Figure 1B) and remained unchanged during the 
observation period. The sex ratio in patients ≤ 25 years (F: 15 cases 
vs. M: 10 cases, NS) and ≤ 18 years (F: 3 cases vs. M:2 cases) was 
also comparable.

IGF-ISDS was significantly lower in females compared with 
males (M: 5.5 SDS (CI95%: 5.3–5.7) vs. F: 5.0 SDS (CI95%: 4.7–5.1), 
p < 0.01), whereas neither nadir GH nor pituitary adenoma size dif-
fered between males and females (Table 1). IGF-ISDS was comparable 

for males and females older than 50  years at the time of diagno-
ses (M: 5.0 SDS (CI95%: 4.7–5.3) vs. F: 4.9 SDS (CI95%: 4.5–5.1), 
p = 0.55).

3.2  |  Meta-analysis and literature review

The search yielded 1,525 unique publications, of which 128 were 
retrieved for further evaluation based on title or abstract reviewed 
but two individuals (Figure 2). In total, 40 publications were included 
in the meta-analysis (Tables 2 and 3). For the analysis of sex distribu-
tion and age at diagnosis, a total of 33 publications were included. 
(Figure 2, Table 2). For the analysis of sex-specific data on GH, IGF-I 
or adenoma size, all available studies including gender-segregated 
data were included (n = 12, Figure 2, Table 3).

The weighted percentage female was 53.3% (CI95% 51.5–55.2) 
based on 31 studies including 25,043 cases (Figure  3). There was 
considerable heterogeneity (I2  =  85%) among the studies and the 
funnel plot was symmetric providing no firm evidence of small study 
effects (data not shown). The mean weighted age at diagnosis was 
47.0 years (CI95% 45.7–48.3) and 43.6 years (CI95% 41.6–45.5) for 
females and males, respectively. The mean weighted age difference 
at diagnosis between males and females was 3.1 years (CI95% 1.9–
4.4, n = 15 studies, 11,787 cases, Figure 4). There was considerable 
heterogeneity (I2 = 84%) among the studies and the funnel plot was 
symmetric (data not shown). The diagnostic delay was significantly 
longer in females by 0.9 years (CI95% −0.4 to 2.1, n = 5 studies, 5432 
cases, Figure 5). The mean weighted diagnostic delay was 6.3 years 
(CI95% 4.3–8.3) and 5.2  years (CI95% 3.4–6.9) for females and 
males, respectively.

F I G U R E  1  Panel (A) Incidence of acromegaly during the time period 1977 to 2010 segregated by gender (  = females,  = males). 
Regression lines for female (- -) and male are shown (−). Panel (B) Age at the time of acromegaly diagnosis segregated by gender
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Serum IGF-I levels were significantly lower in female patients at 
the time of diagnosis (6 studies pooled, 3567 cases, mean difference 
−106.6  ug/L (95% CI −128.4, −84.8, Figure  6)), whereas nadir GH 
(6 studies, 2512 cases), and pituitary adenoma size (3 studies, 1019 
cases) were comparable.

4  |  DISCUSSION

The overall findings from our population-based cohort study and 
meta-analysis suggest the presence of an almost even sex distribu-
tion in acromegaly. Female patients at the time of diagnosis are older 
with a lower age-adjusted IGF-I level and a more prolonged diagnos-
tic delay as compared to males.

In the Danish cohort study, we observed a balanced sex dis-
tribution, which contrasts somewhat with the meta-analysis, 
where we observed a small female predominance. A significant 

time-dependent shift in sex distribution from initial female predom-
inance to a more even sex balance was observed in the cohort study 
(Figure 1). This pattern has been reported in several recent studies 
that include sex distribution as a function of calendar year.4,7,8,27–30 
At the same time, most of these studies report an increasing age 
at diagnosis,4,7,8,29,30 which is ascribed to both a later onset, and a 
milder phenotype.7,17,31,32 This could indicate that milder cases of 
acromegaly were previously undiagnosed. In the Danish study, the 
increase in incidence mainly occurred from 1985 to 1995 (Figure 1) 
during which IGF-I assays and pituitary MRI gradually became part 
of routine clinical practice. It is plausible that these diagnostic im-
provements contribute to the observed increase in the incidence 
of milder cases of acromegaly and a shift towards a balanced sex 
distribution.

Similar to the Danish cohort, an even sex distribution was re-
ported in all cohorts with a high prevalence (≥80/million) and/or in-
cidence (≥4/million) in the meta-analysis.2,19,33,34 A recent review on 

All (CI95%) Female (CI95%) Male (CI95%)
p-
value

Number of patients 569 282 287

Age (years) 48 (47-49) 47 (46-50) 48 (46-50) 0.62

IGF-I (SDS) 5.3 (5.1-5.4) 5 (4.7-5.2) 5.5 (5.3-5.7) <0.01

GH nadir (ug/L) 10.3 (8.9-12.1) 9.1 (7.2-11.6) 11.5 (9.4-14.0) 0.16

Adenoma size (mm) 16.2 (14.8-17.5) 16.5 (14.7-18.3) 15.8 (13.9-17.8) 0.31

Micro-/Macro-/Giant 
pituitary adenoma (%)

31/67/2 27/71/2 35/63/2 0.31

TA B L E  1  Descriptive characteristics of 
the Danish acromegaly cohort

F I G U R E  2  Selection of articles included in the meta-analysis
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    |  629DAL et al.

acromegaly registries found a female predominance with an overall 
sex-ration on 1.26 (female/male).12 These registries often cover sev-
eral decades including the period in which a female predominance 
also occurred in the Danish cohort. Moreover, male patients are 
often much younger than females in these cohorts (up to 7 years), 
which could suggest under-reporting of older males patients.12 In 

addition, these registries are characterized by a relatively low esti-
mated prevalence, which also suggest underdiagnosis.13–17

Females were older at the time of diagnosis and exhibited a longer 
diagnostic delay7,11,17,35–37 according to the meta-analysis. However, 
this age difference seemed to narrow as a function of calendar year.7 
In contrast to the meta-analysis, studies from Denmark,1 Sweden,37 

TA B L E  2  Characteristics of studies included in the Meta-Analysis: sex and age at diagnosis

Author (reference 
no) Country Patients (N) Females (%)

Age at acromegaly 
diagnosis, y Study period

Agustsson, T. T. 
et al33

Iceland 53 40 F: 44, M: 45 1955–2012

Anagnostis, P. et al46 Greece 115 61 1987–2009

Bex, M. et al47 Belgium/
Luxembourg

418 49 F: 46, M: 42 2000–2004

Cannavo, S. et al34 Italy 64 50 –2008

Ciresi, A. et al23 Italy 307 51 F: 49, M: 48 2000–2010

Dagdelen et al48 Turkey 160 49 F: 44, M: 40 1990–2012

Dal, J. et al1 Denmark 405 47 F: 48, M: 49 1991–2010

Drange, M. et al49 United States 176 49 1982–1999

Esposito, D. et al20 Sweden 603 54 F: 52, M: 52 2001–2013

Etxabe, S. et al18 Spain 74 65 F: 46, M: 40 1970–1989

Gruppetta, M. et al2 Malta 52 58 F: 50, M: 37 2000–2011

Holdaway, I. M. 
et al50

New Zealand 208 40 1964–2000

Holdaway, I. M. 
et al51

World wide 2649 50 1940–1999

Howlett, T. A. et al52 United Kingdom 2572 50 1943–2011

Khamesh, M. et al53 Iran 85 45 2014–2016

Kwon, O. et al4 Korean 1350 54 2003–2007

Varadhan, L. et al27 United Kingdom 167 54 1960–2012

Maione, L. et al13 France 999 54 F: 49, M: 43 1980–2012

Nachtigall, L. et al9 United States 100 55 1985–2005

Park, J. et al54 Korea 215 49 1994–2008

Petersenn, D. et al17 Germany 1485 54 F: 41, M: 47 –2005

Petrossians, P. et al7 European 3173 54 F: 46, M: 44 2012–2016

Popovic, V. et al55 Serbia 220 62 1992–1989

Portocarrero, L. A. 
et al15

Mexico 2057 59 1990–2012

Reid, T. J. et al8 United States 324 48 1981–2006

Reincke, M. et al56 Germany 1543 54 –2005

Ritvonen, E. et al19 Finland 333 52 F: 50, M: 45 1980–1999

Scaroni, C. et al57 Italy 496 55 1990–2016

Sesmilo, G. et al14 Spain 1658 61 1970–2010

Terzolo, M. et al16 Italy 1512 59 F: 47, M: 43 1980–2012

Vallette, S. et al29 Canada 329 49 F: 47, M: 44 1980–2010

Vandevan, S. et al58 Bulgaria 534 65 F: 42, M: 42 1980–2012

Vila, G. et al59 Austria 607 54 –2013

Note: F = female, M = male, Y = years, N = amount, No = number.
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Iceland3,33 and Finland19,38 did not record an age-related sex differ-
ence at diagnosis. The underlying explanation for this discrepancy 
is unclear but could involve a difference in the sex-dependent diag-
nostic delay. Of note, the Scandinavian studies are population-based 
with virtually complete follow-up. The incidence and prevalence of 
acromegaly in these countries are relatively high, and the same is 
true for the age at diagnosis.

The reason why female patients are older and experience a 
longer diagnostic delay according to the meta-analysis is unclear. 
The initial diagnosis is more often made by the patient's family 
physician or a specialist in internal medicine9,36 and the changes 
in physical appearance are more likely noticed by others than the 
patients.8 The most common symptoms leading to the initial diag-
nosis of acromegaly are growth changes and headaches.3,9,36,39,40 
However, signs and symptoms of acromegaly may differ between 
sexes. Males seem prone to classical physical changes as progna-
thism and growth of hands and feet, whereas, females are more 
likely to show symptoms such as headache.36,41 Moreover, symp-
toms such as sweating and amenorrhoea could be interpreted as 

menopausal in female patients,36 which could delay the diagno-
sis. In line with this, female patients are known to have consulted 
more doctors before being diagnosed with acromegaly,36 and it has 
been suggested that an implicit physician bias could contribute to 
this sex-specific healthcare disparity42 as seen with other medical 
conditions.36,43,44 A diagnostic delay and a prolonged GH exposure 
in females is supported by an increased burden of co-morbidities 
during this pre-diagnostic period.37 Metabolic changes induced by 
GH excess as metabolic syndrome is also more prevalent in females 
at the time of diagnosis23 and females have increased risk of type 2 
diabetes and hypertension.1,11

At the time of diagnosis, we observed comparable tumour size 
and GH levels but lower IGF-I levels in female patients in virtually 
all studies. A sex-specific difference in the relationship between 
GH and IGF-I in patients with active acromegaly in terms of lower 
IGF-I concentrations in female patients has previously been re-
ported.21 The low IGF-I level in female patients has been ascribed 
to a suppressive effect of oestrogen on the hepatic IGF-I produc-
tion, although additional underlying mechanisms may exist.21,22 

TA B L E  3  Characteristics of studies included in the Meta-Analysis: pituitary adenoma size, GH and IGF1

Author

Patients
Adenoma size 
(mm) GH nadir (ug/L) GH random (ug/L) IGF1 (ug/L) IGF1 SDS,

N Mean ± SD Mean ± SD Mean ± SD Mean ± SD Mean ± SD

Tanaka, S. et al60 F: 47 F: 8.7 ± 33.1 F: 679 ± 224 F: 7.3 ± 2.0

M: 27 M: 6.1 ± 10.4 M: 769 ± 281 M: 9.2 ± 2.8

Markkanen, H. 
et al61

F: 4 F: 11.2 ± 2.1 F: 19.2 ± 5.8

M: 3 M: 9.4 ± 7.5 M: 13.7 ± 7.5

Arafat, A. M. et al62 F: 9 F: 7.4 ± 10.6 F: 10.3 ± 10.6

M: 19 M: 3.8 ± 4.7 M: 4.9 ± 6.2

Freda, P. U. et al63 F: 11 F: 1.2 ± 0.7 F: 2.2 ± 1.8

M: 18 M: 1.4 ± 1.4 M: 1.8 ± 1.6

Park, S. H. et al64 F: 260 F: 18.0 ± 8.2 F: 667 ± 197

M: 203 M: 15.7 ± 7 M: 782 ± 255

Colao, A. et al22 F: 79 F: 12.9 ± 5.3 F: 27.5 ± 33.8 F: 33.8 ± 31.1 F: 665 ± 221

M: 72 M: 14.6 ± 5.9 M: 18.5 ± 19.5 M: 39.5 ± 28 M: 756 ± 279

Dal, J. et al1 F: 191 F: 15.0 ± 10.7 F: 7.9 ± 19 F: 4.9 ± 1.7

M: 214 M: 15.8 ± 12 M: 10.1 ± 22 M: 5.5 ± 1.7

Petersenn, S. et al17 F: 808 F: 10.0 ± 52.8 F: 21.0 ± 103.3 F: 679 ± 328

M: 677 M: 13.2 ± 75.3 M: 14 ± 92.7 M: 773 ± 314

Ciresi, A. et al23 F: 150 F: 18.0 ± 17.8 F: 26.8 ± 22.3 F: 2.43 ± 0.89

M: 157 M: 21.7 ± 17.9 M: 31.4 ± 24.2 M: 2.31 ± 0.8

Terzolo, M. et al16 F: 888 F: 8.3 ± 4.7

M: 624 M: 8.8 ± 4.7

Higuchi, Y. et al65 F: 19 F: 85 ± 118 F: 988 ± 432

M:25 M: 78 ± 123 M: 995 ± 379

Kwon, O. et al4 F: 723 F: 42.1 ± 80.3 F: 920 ± 468

M: 627 M: 42.7 ± 68.4 M: 1062 ± 535

Note: F = female, M = male, SD = standard derivation, N = amount, No = number.
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This could be associated with less pronounced physical changes 
found in females41 including IGF-I mediated effects on bone 
growth45 and hence contribute to a slightly older age at time of 
diagnosis. Sex differences in GH levels in patients with acromegaly 
are less consistent. Recently, comprehensive BMI- and sex-specific 
GH reference values have become available from which it appears 
that sex differences only apply to premenopausal women and pa-
tients on oral oestradiol treatment, both of whom exhibit elevated 
GH levels relative to male counterparts.24 Larger adenomas have 
been reported in some female cohorts,11 and a negative correlation 
between tumour size and age has also been reported.1,11,30 In our 
cohort study and meta-analysis, however, we did not record a sex 
difference in adenoma size.

Our Danish study benefits from the population-based na-
tionwide data with virtually complete follow-up. This minimizes 

the risk of selection bias, which is reinforced by free public 
health care access in Denmark. Moreover, the diagnosis of each 
patient in our study was validated, as previously reported.25 
There could be cultural differences across the included coun-
tries with different sex-specific thresholds for seeking medical 
attention or differences in the diagnostic process that also could 
also be affected by the degree of self-payment of medical costs. 
The meta-analysis on GH, IGF-I, adenoma size and diagnostic 
delay is limited by the low number of publications reporting sex 
segregated data.

In summary, the results from our cohort study and the meta-anal-
ysis suggest that there is only a minor sex difference in the epide-
miology of acromegaly at the time of diagnosis except that female 
patients are slightly older and exhibit lower IGF-I concentrations and 
a longer diagnostic delay.

F I G U R E  3  Percentage females in patients with acromegaly
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F I G U R E  4  Age at time of acromegaly diagnosis
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Petrossian, P. et al.

Petersenn, S. et al.

Fernandez, A. et al.

Kreischmann-Andermahr, I. et al.

Eposito, D. et al.

Overall

Heterogeneity: 2 = 1.47, I2 = 82.13%, H2 = 5.60

Test of i = j: Q(4) = 27.97, p = 0.00

Test of  = 0: z = 1.33, p = 0.19

Study

1,729

807

3

82

323

N
Female

10

5

6

4.3

6

Mean

10.4

8.5

3

6.2

6.3

SD

1,444

677

4

83

280

N
Male

8

6

3

3.5

5

Mean

8.1

9.5

3

5.4

6.1

SD

0 5 10

with 95% CI
Mean Diff.

2.00 (

3.00 (

0.80 (

1.00 (

0.86 (

1.34,

0.01,

2.66)

7.49)

2.57)

1.99)

2.12)

26.46

24.80

6.22

18.28

24.24

(%)
Weight

Random-effects REML model

 13652265, 2021, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/cen.14392 by U

niversity O
f L

eiden, W
iley O

nline L
ibrary on [28/11/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



    |  633DAL et al.

ACKNOWLEDG EMENTS
There is no acknowledgements to be stated and author declarations 
have been submitted previously.

CONFLIC T OF INTERE S T
JD: unrestricted research grants and lecture fee from Pfizer, JOJ: 
Grants and lecture fees from Pfizer, IPSEN and Novartis, CF: Lecture 
fee from Bristol Myers Squibb.

DATA AVAIL ABILIT Y S TATEMENT
The data that support the findings of this study are available from 
the corresponding author upon reasonable request.

ORCID
Jakob Dal   https://orcid.org/0000-0002-0610-7867 
Jens Otto L. Jørgensen   https://orcid.org/0000-0001-7408-1526 

R E FE R E N C E S
	 1.	 Dal J, Feldt-Rasmussen U, Andersen M, et al. Acromegaly inci-

dence, prevalence, complications and long-term prognosis: a na-
tionwide cohort study. Eur J Endocrinol. 2016;175:181-190. https://
doi.org/10.1530/EJE-16-0117

	 2.	 Gruppetta M, Mercieca C, Vassallo J. Prevalence and incidence of 
pituitary adenomas: a population based study in Malta. Pituitary. 
2013;16:545-553. https://doi.org/10.1007/s1110​2-012-0454-0

	 3.	 Hoskuldsdottir GT, Fjalldal SB, Sigurjonsdottir HA. The incidence 
and prevalence of acromegaly, a nationwide study from 1955 
through 2013. Pituitary. 2015;18:803-807. https://doi.org/10.1007/
s1110​2-015-0655-4

	 4.	 Kwon O, Song YD, Kim SY, et al. Nationwide survey of acromeg-
aly in South Korea. Clin Endocrinol. 2013;78:577-585. https://doi.
org/10.1111/cen.12020

	 5.	 Kauppinen-ma R, Niskanen L, Markkanen H, et al. A nation-
wide survey of mortality in acromegaly. J Clin Endocrinol Metab. 
2005;90:4081-4086. https://doi.org/10.1210/jc.2004-1381

	 6.	 Cuevas-Ramos D, Carmichael JD, Cooper O, et al. A structural 
and functional acromegaly classification. J Clin Endocrinol Metab. 
2015;100:122-131. https://doi.org/10.1210/jc.2014-2468

	 7.	 Petrossians P, Daly AF, Natchev E, et al. Acromegaly at diagno-
sis in 3173 patients from the Liège Acromegaly Survey (LAS) 
Database. Endocrine-Related Cancer 2017;24:505-518. https://doi.
org/10.1530/ERC-17-0253

	 8.	 Reid TJ, Post KD, Bruce JN, Kanibir MN, Reyes-vidal CM, Freda 
PU. Features at diagnosis of 324 patients with acromegaly did not 
change from 1981 to 2006. Acromegaly remains underrecognized 
and under-diagnosed. Changes. 2012;29:997-1003. https://doi.
org/10.1016/j.biote​chadv.2011.08.021.Secreted

	 9.	 Nachtigall L, Delgado A, Swearingen B, Lee H, Zerikly R. Extensive 
clinical experience: changing patterns in diagnosis and ther-
apy of acromegaly over two decades. J Clin Endocrinol Metab. 
2008;93:2035-2041. https://doi.org/10.1210/jc.2007-2149

	10.	 Arasho BD, Schaller B, Sandu N, Zenebe G. Gender-related dif-
ferences in pituitary adenomas. Exp Clin Endocrinol Diabetes. 
2009;117:567-572. https://doi.org/10.1055/s-0029-1202831

	11.	 Lenders NF, McCormack AI, Ho KKY. Management of endocrine 
disease: does gender matter in the management of acromegaly? 
Eur J Endocrinol. 2020;182:R67-R82. https://doi.org/10.1530/
EJE-19-1023

	12.	 Maione L, Chanson P. National acromegaly registries. Best Pract Res 
Clin Endocrinol Metab. 2019;33:101264. https://doi.org/10.1016/j.
beem.2019.02.001

	13.	 Maione L, Brue T, Beckers A, et al. Changes in the management 
and comorbidities of acromegaly over three decades: the French 
acromegaly registry. Eur J Endocrinol. 2017;176:645-655. https://
doi.org/10.1530/EJE-16-1064

	14.	 Sesmilo G, Gaztambide S, Venegas E, et al. Changes in acromeg-
aly treatment over four decades in Spain: analysis of the Spanish 
Acromegaly Registry (REA). Pituitary. 2012;16:115-121. https://doi.
org/10.1007/s1110​2-012-0384-x

	15.	 Portocarrero-Ortiz LA, Vergara-Lopez A, Vidrio-Velazquez M, 
et al. The Mexican acromegaly registry: clinical and biochemi-
cal characteristics at diagnosis and therapeutic outcomes. J Clin 
Endocrinol Meta. 2016;101:3997-4004. https://doi.org/10.1210/
jc.2016-1937

	16.	 Terzolo M, Reimondo G, Berchialla P, et al. Acromegaly is asso-
ciated with increased cancer risk: a survey in Italy. Endocrine-
Related Cancer. 2017;24:495-504. https://doi.org/10.1530/
erc-16-0553

	17.	 Petersenn S, Buchfelder M, Gerbert B, et al. Age and sex as predic-
tors of biochemical activity in acromegaly: analysis of 1485 patients 

F I G U R E  6  IGF-I levels at time of acromegaly diagnosis

Kwon, O. et al.

Colao, A. et al.

Petersenn, S. et al.

Tanaka, S. et al.

Park, S. H. et al

Higuchi, Y. et al.

Overall

Heterogeneity: 2 = 0.00, I2 = 0.00%, H2 = 1.00

Test of i = j: Q(5) = 3.41, p = 0.64

Test of  = 0: z = –9.58, p = 0.00

Study

723

79

808

47

260

19

N
Treatment

920

664.9

679

679

667.1

998

Mean

468

221.3

328

224

197.4

432

SD

627

72

677

27

203

25

N
Control

1062

755.9

773

769

781.7

995

Mean

535

297.2

314

281

254.8

379

SD

0 100 200

with 95% CI
Mean Diff.

3.00 [

26.48]

243.14]

-84.80]

16.62

6.89

44.10

3.51

28.05

0.83

(%)
Weight

Random-effects REML model

 13652265, 2021, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/cen.14392 by U

niversity O
f L

eiden, W
iley O

nline L
ibrary on [28/11/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://orcid.org/0000-0002-0610-7867
https://orcid.org/0000-0002-0610-7867
https://orcid.org/0000-0001-7408-1526
https://orcid.org/0000-0001-7408-1526
https://doi.org/10.1530/EJE-16-0117
https://doi.org/10.1530/EJE-16-0117
https://doi.org/10.1007/s11102-012-0454-0
https://doi.org/10.1007/s11102-015-0655-4
https://doi.org/10.1007/s11102-015-0655-4
https://doi.org/10.1111/cen.12020
https://doi.org/10.1111/cen.12020
https://doi.org/10.1210/jc.2004-1381
https://doi.org/10.1210/jc.2014-2468
https://doi.org/10.1530/ERC-17-0253
https://doi.org/10.1530/ERC-17-0253
https://doi.org/10.1016/j.biotechadv.2011.08.021.Secreted
https://doi.org/10.1016/j.biotechadv.2011.08.021.Secreted
https://doi.org/10.1210/jc.2007-2149
https://doi.org/10.1055/s-0029-1202831
https://doi.org/10.1530/EJE-19-1023
https://doi.org/10.1530/EJE-19-1023
https://doi.org/10.1016/j.beem.2019.02.001
https://doi.org/10.1016/j.beem.2019.02.001
https://doi.org/10.1530/EJE-16-1064
https://doi.org/10.1530/EJE-16-1064
https://doi.org/10.1007/s11102-012-0384-x
https://doi.org/10.1007/s11102-012-0384-x
https://doi.org/10.1210/jc.2016-1937
https://doi.org/10.1210/jc.2016-1937
https://doi.org/10.1530/erc-16-0553
https://doi.org/10.1530/erc-16-0553


634  |    DAL et al.

from the German Acromegaly Register. Clin Endocrinol. 2009;71:400-
405. https://doi.org/10.1111/j.1365-2265.2009.03547.x

	18.	 Etxabe J, Gaztambide S, Latorre P, Vazquez JA. Acromegaly: an 
epidemiological study. J Endocrinol Invest: Off J Ital Soc Endocrinol. 
1993;16:181-187. https://doi.org/10.1007/BF033​44942

	19.	 Ritvonen E, Löyttyniemi E, Jaatinen P, et al. Mortality in acromeg-
aly: a 20-year follow-up study. Endocr Relat Cancer. 2016;23:469-
480. https://doi.org/10.1530/ERC-16-0106

	20.	 Esposito D, Ragnarsson O, Granfeldt D, Marlow T, Johannsson 
G, Olsson DS. Decreasing mortality and changes in treatment 
patterns in patients with acromegaly from a nationwide study. 
Eur J Endocrinol. 2018;178:459-469. https://doi.org/10.1530/
EJE-18-0015

	21.	 Parkinson C, Ryder WDJ, Trainer PJ. The relationship between 
serum GH and serum IGF-I in acromegaly is gender-specific. J Clin 
Endocrinol Metab. 2001;86:5240-5244. https://doi.org/10.1210/
jcem.86.11.8006

	22.	 Colao A, Pedroncelli AM, Baldelli R, et al. Gender- and age-re-
lated differences in the endocrine parameters of acromegaly. J 
Endocrinol Invest. 2002;25:532-538. https://doi.org/10.1007/
bf033​45496

	23.	 Ciresi A, Amato MC, Pivonello R, et al. The metabolic profile in 
active acromegaly is gender-specific. J Clin Endocrinol Metab. 
2013;98:51-59. https://doi.org/10.1210/jc.2012-2896

	24.	 Schilbach K, Gar C, Lechner A, et al. Determinants of the growth 
hormone nadir during oral glucose tolerance test in adults. Eur J 
Endocrinol. 2019;181:55-67. https://doi.org/10.1530/EJE-19-0139

	25.	 Dal J, Skou N, Nielsen EH, Jørgensen JOL, Pedersen L. Acromegaly 
according to the Danish National Registry of Patients: how valid 
are ICD diagnoses and how do patterns of registration affect the 
accuracy of registry data? Clin Epidemiol. 2014;6:295-299. https://
doi.org/10.2147/CLEP.S63758

	26.	 Senn SJ. Overstating the evidence - double counting in meta-anal-
ysis and related problems. BMC Med Res Methodol. 2009;9:1-7. 
https://doi.org/10.1186/1471-2288-9-10

	27.	 Varadhan L, Reulen RC, Brown M, Clayton RN. The role of cu-
mulative growth hormone exposure in determining mortality 
and morbidity in acromegaly: a single centre study. Pituitary. 
2016;19:251-261. https://doi.org/10.1007/s1110​2-015-0700-3

	28.	 Tjörnstrand A, Gunnarsson K, Evert M, et al. The incidence rate of pi-
tuitary adenomas in western Sweden for the period 2001–2011. Eur J 
Endocrinol. 2014;171:519-526. https://doi.org/10.1530/EJE-14-0144

	29.	 Vallette S, Ezzat S, Chik C, et al. Emerging trends in the diagnosis and 
treatment of acromegaly in Canada. Clin Endocrinol. 2013;79:79-85. 
https://doi.org/10.1111/cen.12112

	30.	 Ghajar A, Jones PS, Guarda FJ, et al. Biochemical control in acromeg-
aly with multimodality therapies: outcomes from a pituitary center 
and changes over time. J Clin Endocrinol Metab. 2020;105:532-543. 
https://doi.org/10.1210/cline​m/dgz187

	31.	 Butz LB, Sullivan SE, Chandler WF, Barkan AL. ‘“Micromegaly”’: 
an update on the prevalence of acromegaly with apparently nor-
mal GH secretion in the modern era. Pituitary. 2016;19:547-551. 
https://doi.org/10.1007/s1110​2-016-0735-0

	32.	 Dimaraki EV, Jaffe CA, Mott-friberg RDE, et al. Acromegaly with 
apparently normal GH secretion: implications for diagnosis and fol-
low-up. J Clin Endocrinol Metab. 2002;87:3537-3542.

	33.	 Agustsson TT, Baldvinsdottir T, Jonasson JG, et al. The epidemi-
ology of pituitary adenomas in Iceland, 1955–2012: a nationwide 
population-based study. Eur J Endocrinol. 2015;173:655-664. 
https://doi.org/10.1530/EJE-15-0189

	34.	 Cannavò S, Ferraù F, Ragonese M, et al. Increased prevalence of ac-
romegaly in a highly polluted area. Eur J Endocrinol. 2010;163:509-
513. https://doi.org/10.1530/EJE-10-0465

	35.	 Fernandez A, Karavitaki N, Wass JAH. Prevalence of pituitary 
adenomas: a community-based, cross-sectional study in Banbury 

(Oxfordshire, UK). Clin Endocrinol. 2010;72:377-382. https://doi.
org/10.1111/j.1365-2265.2009.03667.x

	36.	 Kreitschmann-Andermahr I, Siegel S, Kleist B, et al. Diagnosis and 
management of acromegaly: the patient’s perspective. Pituitary. 
2016;19:268-276. https://doi.org/10.1007/s1110​2-015-0702-1

	37.	 Esposito D, Ragnarsson O, Johannsson G, Olsson DS. Prolonged 
diagnostic delay in acromegaly is associated with increased mor-
bidity and mortality. Eur J Endocrinol. 2020;182:523-531. https://
doi.org/10.1530/EJE-20-0019

	38.	 Raappana A, Koivukangas J, Ebeling T, Pirilä T, Pirila T. Incidence 
of pituitary adenomas in Northern Finland in 1992–2007. J Clin 
Endocrinol Metab. 2010;95:4268-4275. https://doi.org/10.1210/
jc.2010-0537

	39.	 Gurel MH, Bruening PR, Rhodes C, Lomax KG. Patient perspec-
tives on the impact of acromegaly: results from individual and 
group interviews. Patient Pref Adherence. 2014;8:53-62. https://doi.
org/10.2147/PPA.S56740

	40.	 Keskin FE, Yetkin DO, Ozkaya HM, et al. The problem of unrec-
ognized acromegaly: surgeries patients undergo prior to diagnosis 
of acromegaly. J Endocrinol Invest. 2015;38:695-700. https://doi.
org/10.1007/s4061​8-015-0245-3

	41.	 Caron P, Brue T, Raverot G, et al. Signs and symptoms of acromeg-
aly at diagnosis: the physician's and the patient's perspectives in 
the ACRO-POLIS study. Endocrine. 2019;63:120-129. https://doi.
org/10.1007/s1202​0-018-1764-4

	42.	 Chapman EN, Kaatz A, Carnes M. Physicians and implicit bias: how 
doctors may unwittingly perpetuate health care disparities. J Gen 
Intern Med. 2013;28:1504-1510. https://doi.org/10.1007/s1160​
6-013-2441-1

	43.	 Fowler RA, Sabur N, Li P, et al. Sex- and age-based differences in 
the delivery and outcomes of critical care. CMAJ. 2007;177:1513-
1519. https://doi.org/10.1503/cmaj.071112

	44.	 Di CR, Patel U, Upshur REG. Infarction pharmacological manage-
ment in the older (>60) population of a primary care practice ? BMC 
Family Pract. 2002;5:1-5.

	45.	 Yakar S, Werner H, Rosen CJ. 40 years of IGF1: insulin-like 
growth factors: actions on the skeleton. J Mol Endocrinol. 
2018;61:T115-T137. https://doi.org/10.1530/JME-17-0298

	46.	 Anagnostis P, Efstathiadou ZA, Polyzos SA, et al. Acromegaly: 
presentation, morbidity and treatment outcomes at a sin-
gle centre. Int J Clin Pract. 2011;65:896-902. https://doi.
org/10.1111/j.1742-1241.2011.02682.x

	47.	 Bex M, Abs R, Sjoen GT, et al. AcroBel - The Belgian registry on 
acromegaly: a survey of the ‘real-life’ outcome in 418 acrome-
galic subjects. Eur J Endocrinol. 2007;157:399-409. https://doi.
org/10.1530/EJE-07-0358

	48.	 Dagdelen S, Cinar N, Erbas T. Increased thyroid cancer risk in acro-
megaly. Pituitary. 2014;17:299-306. https://doi.org/10.1007/s1110​
2-013-0501-5

	49.	 Drange MR, Fram NR, Herman-Bonert V, Melmed S. Pituitary 
tumor registry: a novel clinical resource. J Clin Endocrinol Metab. 
2000;85:168-174. https://doi.org/10.1210/jc.85.1.168

	50.	 Holdaway IM, Rajasoorya RC, Gamble GD. Factors influencing 
mortality in acromegaly. J Clin Endocrinol Metab. 2004;89:667-674. 
https://doi.org/10.1210/jc.2003-031199

	51.	 Holdaway IM, Rajasoorya C. Epidemiology of acromegaly. Pituitary. 
1999;2:29-41. https://doi.org/10.1023/A:10099​65803750

	52.	 Howlett TA, Willis D, Walker G, Wass JAH, Trainer PJ. Control of 
growth hormone and IGF1 in patients with acromegaly in the UK: 
responses to medical treatment with somatostatin analogues and 
dopamine agonists. Clin Endocrinol. 2013;79:689-699. https://doi.
org/10.1111/cen.12207

	53.	 Khamseh ME, Mohajeri Tehrani MR, Mousavi Z, et al. Iran pituitary 
tumor registry: description of the program and initial results. Arch 
Iran Med. 2017;20:746-751.

 13652265, 2021, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/cen.14392 by U

niversity O
f L

eiden, W
iley O

nline L
ibrary on [28/11/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1111/j.1365-2265.2009.03547.x
https://doi.org/10.1007/BF03344942
https://doi.org/10.1530/ERC-16-0106
https://doi.org/10.1530/EJE-18-0015
https://doi.org/10.1530/EJE-18-0015
https://doi.org/10.1210/jcem.86.11.8006
https://doi.org/10.1210/jcem.86.11.8006
https://doi.org/10.1007/bf03345496
https://doi.org/10.1007/bf03345496
https://doi.org/10.1210/jc.2012-2896
https://doi.org/10.1530/EJE-19-0139
https://doi.org/10.2147/CLEP.S63758
https://doi.org/10.2147/CLEP.S63758
https://doi.org/10.1186/1471-2288-9-10
https://doi.org/10.1007/s11102-015-0700-3
https://doi.org/10.1530/EJE-14-0144
https://doi.org/10.1111/cen.12112
https://doi.org/10.1210/clinem/dgz187
https://doi.org/10.1007/s11102-016-0735-0
https://doi.org/10.1530/EJE-15-0189
https://doi.org/10.1530/EJE-10-0465
https://doi.org/10.1111/j.1365-2265.2009.03667.x
https://doi.org/10.1111/j.1365-2265.2009.03667.x
https://doi.org/10.1007/s11102-015-0702-1
https://doi.org/10.1530/EJE-20-0019
https://doi.org/10.1530/EJE-20-0019
https://doi.org/10.1210/jc.2010-0537
https://doi.org/10.1210/jc.2010-0537
https://doi.org/10.2147/PPA.S56740
https://doi.org/10.2147/PPA.S56740
https://doi.org/10.1007/s40618-015-0245-3
https://doi.org/10.1007/s40618-015-0245-3
https://doi.org/10.1007/s12020-018-1764-4
https://doi.org/10.1007/s12020-018-1764-4
https://doi.org/10.1007/s11606-013-2441-1
https://doi.org/10.1007/s11606-013-2441-1
https://doi.org/10.1503/cmaj.071112
https://doi.org/10.1530/JME-17-0298
https://doi.org/10.1111/j.1742-1241.2011.02682.x
https://doi.org/10.1111/j.1742-1241.2011.02682.x
https://doi.org/10.1530/EJE-07-0358
https://doi.org/10.1530/EJE-07-0358
https://doi.org/10.1007/s11102-013-0501-5
https://doi.org/10.1007/s11102-013-0501-5
https://doi.org/10.1210/jc.85.1.168
https://doi.org/10.1210/jc.2003-031199
https://doi.org/10.1023/A:1009965803750
https://doi.org/10.1111/cen.12207
https://doi.org/10.1111/cen.12207


    |  635DAL et al.

	54.	 Park JY, Kim JH, Kim SW, et al. Using growth hormone levels to de-
tect macroadenoma in patients with acromegaly. Endocrinol Metab. 
2014;29:450-456. https://doi.org/10.3803/EnM.2014.29.4.450

	55.	 Popovic V, Damjanovic S, Micic D, et al. Increased incidence of 
neoplasia in patients with pituitary adenomas. Clin Endocrinol (Oxf). 
1998;49:441-445.

	56.	 Reincke M, Petersenn S, Buchfelder M, et al. The German Acromegaly 
Registry: description of the database and initial results. Exp Clin Endocrinol 
Diabetes. 2006;114:498-505. https://doi.org/10.1055/s-2006-948313

	57.	 Scaroni C, Albiger N, Daniele A, et al. Paradoxical GH increase 
during OGTT is associated with first-generation somatostatin 
analog responsiveness in acromegaly. J Clin Endocrinol Metab. 
2018;104:856-862. https://doi.org/10.1210/jc.2018-01360

	58.	 Vandeva S, Elenkova A, Natchev E, et al. Treatment outcome re-
sults from the Bulgarian acromegaly database: adjuvant dopamine 
agonist therapy is efficient in less than one fifth of non-irradiated 
patients. Exp Clin Endocrinol Diabetes. 2015;123:66-71. https://doi.
org/10.1055/s-0034-1389987

	59.	 Vila G, Dobnig H, Knosp E, et al. Gender aspects in the biochemical 
control of acromegaly in Austriae: evaluation of 607 cases from the 
Austrian acromegaly registry. Endocrine Abstract. 2016; https://doi.
org/10.1530/endoa​bs.41.EP875

	60.	 Tanaka S, Fukuda I, Hizuka N, Takano K. Gender differences in 
serum GH and IGF-I levels and the GH response to dynamic tests in 
patients with acromegaly. Endocr J. 2010;57:477-483. https://doi.
org/10.1507/endoc​rj.k09e-342

	61.	 Markkanen H, Pekkarinen T, Va MJ, et al. Effect of sex and assay 
method on serum concentrations of growth hormone in patients 

with acromegaly and in healthy controls. Clin Chem. 2006;52:468-
473. https://doi.org/10.1373/clinc​hem.2005.060236

	62.	 Arafat AM, Möhlig M, Weickert MO, et al. Growth hormone re-
sponse during oral glucose tolerance test: the impact of assay 
method on the estimation of reference values in patients with ac-
romegaly and in healthy controls, and the role of gender, age, and 
body mass index. J Clin Endocrinol Metab. 2008;93:1254-1262. 
https://doi.org/10.1210/jc.2007-2084

	63.	 Freda PU, Landman RE, Sundeen RE, Post KD. Gender and age 
in the biochemical assessment of cure of acromegaly. Pituitary. 
2001;4:163-171. https://doi.org/10.1023/A:10153​14906972

	64.	 Park SH, Ku CR, Moon JH, et al. Age- and sex-specific differences as 
predictors of surgical remission among patients with acromegaly. J 
Clin Endocrinol Metab. 2018;103:909-916. https://doi.org/10.1210/
jc.2017-01844

	65.	 Higuchi Y, Saeki N, Iuchi T, et al. Incidence of malignant tumors 
in patients with acromegaly. Endocr J. 2000;47:57-60. https://doi.
org/10.1507/endoc​rj.47.suppl​march_s57

How to cite this article: Dal J, Skov BG, Andersen MS, et al. 
Sex differences in acromegaly at diagnosis: A nationwide 
cohort study and meta-analysis of the literature. Clin Endocrinol 
(Oxf). 2021;94:625–635. https://doi.org/10.1111/cen.14392

 13652265, 2021, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/cen.14392 by U

niversity O
f L

eiden, W
iley O

nline L
ibrary on [28/11/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.3803/EnM.2014.29.4.450
https://doi.org/10.1055/s-2006-948313
https://doi.org/10.1210/jc.2018-01360
https://doi.org/10.1055/s-0034-1389987
https://doi.org/10.1055/s-0034-1389987
https://doi.org/10.1530/endoabs.41.EP875
https://doi.org/10.1530/endoabs.41.EP875
https://doi.org/10.1507/endocrj.k09e-342
https://doi.org/10.1507/endocrj.k09e-342
https://doi.org/10.1373/clinchem.2005.060236
https://doi.org/10.1210/jc.2007-2084
https://doi.org/10.1023/A:1015314906972
https://doi.org/10.1210/jc.2017-01844
https://doi.org/10.1210/jc.2017-01844
https://doi.org/10.1507/endocrj.47.supplmarch_s57
https://doi.org/10.1507/endocrj.47.supplmarch_s57
https://doi.org/10.1111/cen.14392

