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ABSTRACT ARTICLE HISTORY
Peak stimulated growth hormone (GH) levels are known to decrease with increasing body mass Received 9 April 2021
index (BMI), possibly leading to overdiagnosis of GH deficiency (GHD) in children with over- Revised 15 June 2021
weight and obesity. However, current guidelines do not guide how to interpret the peak GH val- ~ Accepted 13 July 2021
ues of these children. This systematic review and meta-analysis aimed to study the effect of the
BMI standard deviation score (SDS) on stimulated peak GH values in children, to identify poten- Pediatri .

X X L i R ! X ediatric obesity; growth
tial modgrators qf this association, and .to quantify .the e>§tent to which peak GH values in chil- hormone; growth hormone
dren with obesity are decreased. This systematic review was performed by the PRISMA deficiency; cutoff;
guidelines. Medline, Embase, Cochrane, Web of Science, and Google Scholar databases were diagnostic test
searched for studies reporting the impact of weight status on peak GH in children. Where pos-

sible, individual participant data was extracted and/or obtained from authors. Quality and risk of

bias were evaluated using the Scottish Intercollegiate Guidelines Network (SIGN) checklists. The

primary outcome was the association between peak GH values and BMI SDS. The pooled correl-

ation coefficient r, 95% confidence interval (Cl), and heterogeneity statistic /* were calculated

under a multilevel, random-effects model. In addition, exploratory moderator analyses and meta-

regressions were performed to investigate the effects of sex, pubertal status, presence of syn-

dromic obesity, mean age and mean BMI SDS on the study level. For the individual participant

dataset, linear mixed-models regression analysis was performed with BMI SDS as the predictor

and In(peak GH) as the outcome, accounting for the different studies and GH stimulation agents

used. In total, 58 studies were included, providing data on n=5135 children (576 with individual

participant data). Thirty-six (62%) studies had high, 19 (33%) medium, and 3 (5%) low risks of

bias. Across all studies, a pooled r of —0.32 (95% Cl —0.41 to —0.23, n=2434 patients from

k=29 subcohorts, > = 75.2%) was found. In meta-regressions, larger proportions of males

included were associated with weaker negative correlations (p=0.04). Pubertal status, presence

of syndromic obesity, mean age, and mean BMI SDS did not moderate the pooled r (all

p > 0.05). Individual participant data analysis revealed a beta of —0.123 (95% ClI —0.160 to

—0.086, p < 0.0001), i.e. per one-point increase in BMI SDS, peak GH decreases by 11.6% (95% Cl

8.3-14.8%). To our knowledge, this is the first systematic review and meta-analysis to investigate

the impact of BMI SDS on peak GH values in children. It showed a significant negative relation-

ship. Importantly, this relationship was already present in the normal range of BMI SDS and

could lead to overdiagnosis of GHD in children with overweight and obesity. With the ever-rising

prevalence of pediatric obesity, there is a need for BMI (SDS)-specific cutoff values for GH stimu-

lation tests in children. Based on the evidence from this meta-analysis, we suggest the following

weight status-adjusted cutoffs for GH stimulation tests that have cutoffs for children with normal

weight of 5, 7, 10, and 20 pg/L: for overweight children: 4.6, 6.5, 9.3, and 18.6 ug/L; and for chil-

dren with obesity: 4.3, 6.0, 8.6, and 17.3 png/L.
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Abbreviations: BBS: Bardet-Biedl syndrome; BMI: body mass index; Cl: confidence interval; FFA:
free fatty acids; GH: growth hormone; GHBP: growth hormone-binding protein; GHD: growth hor-
mone deficiency; GHRH: growth hormone-releasing hormone; IBW%: ideal body weight percent-
age; IGF-1: insulin-like growth factor-1; IQR: interquartile ranges; ITT: insulin tolerance test;
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MOOSE: meta-analysis of observational studies in epidemiology; PHP1a: pseudohypoparathyroid-
ism type 1a; PRISMA: preferred reporting items for systematic reviews and meta-analyses; PWS:

Prader-Willi

syndrome; RR: relative risk; SDS: standard deviation

score; SIGN: Scottish

Intercollegiate Guidelines Network; WHO: World Health Organization

Introduction

The prevalence of pediatric obesity has increased dra-
matically in the past decades, resulting in over 124 mil-
lion (7%) children and adolescents living with obesity
worldwide [1]. Obesity is a multifactorial disease caused
by an imbalance between energy intake and expend-
iture. Endocrine conditions, such as growth hormone
deficiency (GHD), hypothyroidism, or hypercortisolism
can lead to obesity but are considered rare in children
and adolescents [2]. According to current international
guidelines for pediatric obesity, endocrine testing is rec-
ommended only in children who are short relative to
their genetic potential or have decreased growth vel-
ocity in combination with weight gain [2]. However,
obesity itself is known to influence growth hormone
diagnostics [3,4]. This systematic review focuses on the
interpretation of growth hormone (GH) stimulation
tests in children (up to age 18 years) with obesity. GH is
an anterior pituitary hormone, secreted in a pulsatile
pattern mostly during deep sleep [5]. The main effects
of GH are exerted in the liver, where it stimulates the
production of insulin-like growth factor-1 (IGF-1). IGF-1
is an anabolic hormone that plays a key role in linear
growth [6]. Plasma levels of GH are regulated by nega-
tive feedback loops mainly involving two hypothalamic
hormones, growth hormone-releasing hormone (GHRH)
and somatostatin, as well as by direct negative feed-
back of IGF-1 on GH secretion (Figure 1). GHD in chil-
dren is a disease characterized by decreased linear
growth, increased central adiposity, decreased fat-free
mass, and metabolic derangements including insulin
resistance [7]. Treatment with recombinant GH is indi-
cated to normalize linear growth and improve body
composition [4,7]. GHD can arise as an isolated occur-
rence or as part of syndromes associated with short
stature, such as Prader-Willi syndrome (PWS) or Turner
syndrome [8].

The diagnosis of GHD is based on clinical criteria
that incorporate, among others, auxologic parameters
(e.g. short stature), radiologic parameters (e.g. bone
age), laboratory findings (e.g. plasma IGF-1 values), and
clinical signs and symptoms indicative of syndromes
associated with poor growth (e.g. disproportionate stat-
ure). Due to the short half-life of GH, its direct measure-
ment is not helpful in the diagnosis of GHD. Instead,
dynamic GH stimulation tests are a key element in

the diagnosis of GHD. These tests involve the adminis-
tration of a GH secretagogue and subsequent serial
measurement of plasma GH values (Figure 1).

Current international guidelines of the Pediatric
Endocrine Society and the Growth Hormone Research
Society require an inadequate response in two separate
GH stimulation tests to diagnose GHD [3,4]. These
guidelines mention that peak GH levels decrease with
increasing body mass index (BMI). The pathophysiologic
mechanisms that are suggested to underlie this associ-
ation include altered GH secretory bursts and increased
GH clearance, inhibition of GH synthesis by increased
insulin and/or free fatty acids levels, and increased
somatostatinergic tonus [7]. Consequently, the negative
association of peak GH levels with BMI could lead to
overdiagnosis of GHD in children with overweight or
obesity. However, these current guidelines state that
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Figure 1. Schematic representation of the hypothalamic-pitu-
itary-somatotropic axis and the effect of several GH secreta-
gogues used in GH stimulation tests. GH secretagogues can
be administered orally (indicated by the tablet icon), intra-
muscularly, or intravenously (indicated by the syringe icon).
Clonidine and hypoglycemia, either introduced by insulin in
the ITT or by glucagon administration, directly stimulate pitu-
itary secretion of GH. Beta-adrenergic receptor agonists such
as arginine and L-dopa exert their GH stimulating effect by
lowering the chronic inhibitory somatostatinergic tone. At the
hypothalamic level, the neuropeptide galanin stimulates the
release of GHRH. The synthetic growth hormone-releasing
peptide hexarelin is a ligand for the growth hormone secreta-
gogue receptor that stimulates the production of GHRH and
inhibits the release of somatostatin [5]. GHRH: growth hor-
mone-releasing hormone; GH: growth hormone; IGF-1: insulin-
like growth factor-1; ITT: insulin tolerance test.



there is insufficient evidence to use BMI-adjusted cut-
offs in children and thus they do not provide guidance
on the interpretation of peak GH levels in children with
overweight or obesity [3,4]. In adults, BMI-adjusted cut-
off values for defining positive GH stimulation tests
have been proposed for the glucagon stimulation test
and the GHRH + arginine test [9,10]. Obesity-adjusted
diagnostics are not available yet for children. The 2019
guideline of the Pediatric Endocrine Society emphasizes
that further research on the impact of obesity on the
diagnosis of GHD in children is a topic of high priority
[3]. However, so far, the extent to which body compos-
ition impacts the clinical value of GH stimulation tests
has not been assessed systematically. Therefore, this
systematic review and meta-analysis aimed to study the
effect of BMI on peak GH values after stimulation tests
in children, to identify potential moderators of this
association, and to quantify the extent to which peak
GH values after stimulation tests in children with obes-
ity are decreased. Based on this information, we pro-
pose age,, sex-, and weight status-adjusted cutoffs for
peak GH to help clinicians and clinical chemists in inter-
preting peak GH values in children with overweight
or obesity.

Materials and methods

This systematic review and meta-analysis were per-
formed by the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) statement and
Meta-analysis of Observational Studies in Epidemiology
(MOOSE) checklist [11,12].

Search strategy and selection criteria

We conducted a systematic literature search to identify
all published studies reporting data on GH stimulation
tests in children (including adolescents) and the pos-
sible impact of weight status. A medical information
specialist designed a search strategy for the Embase,
Medline (Ovid), Web of Science, Cochrane Library, and
Google Scholar databases from inception up to 18
March 2021. In short, the search strategy combined the
keywords  “weight/obesity,”  “growth  hormone,”
“stimulation test,” and “children/adolescents.” In add-
ition, reference lists of all included studies as well as all
identified international guidelines were systematically
screened for potentially relevant articles [13]. The com-
plete search strategy is presented in Supplementary
Material 1, Search Strategy. Inclusion criteria were: (1)
performance of a standard GH stimulation test; (2)
inclusion of a pediatric (sub)population (aged
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0-18years); (3) peak GH analyzed at the individual level;
and (4) peak GH analysis stratified on weight status on
a continuous and/or categorical scale. Exclusion criteria
were: (1) case reports; (2) review articles; (3) studies in
which stimulated GH was analyzed only at the group
level per time point; (4) studies in which weight status
was not taken into account in the analysis of peak GH;
and (5) studies that included children with other dis-
eases that were likely to influence the GH/IGF-1 axis,
e.g. central precocious puberty. The search results were
exported to reference management software (Endnote
version X9, Clarivate Analytics) and duplicates were
removed. Then, two researchers, one physician with a
background in pediatric endocrinology (OA) and one
clinical chemist (DA), screened all 1862 studies inde-
pendently in two stages (Figure 2). First, titles and
abstracts were screened independently by both investi-
gators, blinded to each other's screening decisions.
Subsequently, the full text of all identified articles was
screened by both researchers independently. In both
screening stages, discrepancies between the two
researchers were discussed until consensus was
reached; in the case of disagreement, a third, senior
investigator (EvdA or YdR) served as adjudicator.

Data extraction

Descriptive, methodological, and outcome data from
the included studies were extracted using a prede-
signed data extraction sheet. All data was extracted by
one of the two first authors (OA, DA) and were subse-
quently verified by the other researcher to ensure
accuracy. The following data was extracted: study char-
acteristics (sample size, inclusion and exclusion criteria,
design); study population characteristics (syndromic or
non-syndromic obesity, normal or short stature, puber-
tal stage, age, weight status, peak GH and IGF-1 SDS);
applied definitions (for obesity, for inadequate response
to the GH stimulation tests used, and for GHD); details
regarding the GH stimulation test used and GH assay
characteristics [including calibration of the assay against
a World Health Organization (WHO) standard]; and the
number of children with and without obesity who
showed an inadequate response to the GH stimulation
test. All studies reported peak GH either in pg/L or ng/
mL; in this systematic review, all values are expressed in
the Sl units, pg/L. If original publications did not report
sufficient data to allow their inclusion in our quantita-
tive analyses, the corresponding authors of studies pub-
lished from 2010 onwards were contacted twice in a
two-week time frame to obtain the missing data. For all
qualitative and quantitative analyses, patients were
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searching (n = 3378)

Records identified through database Additional records identified through

other sources (n =5)

Y

(n=1988)

Records after duplicates removed

Y

Records screened
(n=1988)

Records excluded
(n=1899)

Y

Y

Full-text articles assessed for
eligibility (n = 89)

y

Y

synthesis (n = 58)

Y

Studies included in quantitative

Full-text articles excluded (n = 31):
Studies included in qualitative e Conference abstract (n = 1)

Data previously published (n = 2)
Obsolete stimulation test (n = 7)
Peak GH analysis not performed on
individual patient level (n = 7)

Peak GH analysis not presented (n = 4)
Peak GH analysis not stratified on
weight status (n = 6)

Only children included with other
synthesis (n = 58) diseases likely to influence the
GH/IGF-1 axis (n=4)

Figure 2. The PRISMA flow diagram for the systematic review. GH:

divided into three categories: patients with GHD,
patients without GHD with obesity, and patients with-
out GHD without obesity. Furthermore, we separately
analyzed patients with syndromic obesity, i.e. Turner
syndrome, PWS, Bardet-Biedl syndrome (BBS), pseudo-
hypoparathyroidism type 1a (PHP1a), and
Kabuki syndrome.

Individual participant dataset

We curated a dataset containing individual participant
data for meta-analyses. When tables with individual-
level data were given, this data was extracted manually
from the studies. When studies presented a scatterplot
for the relation between a weight parameter (e.g. BMI)
and peak GH, all individual data points from the
scatterplot were extracted using an online tool
(WebPlotDigitizer version 4.3, URL: https://apps.autome-
ris.io/wpd/). All data extractions were performed by one
of the authors (OA, DA) and thoroughly checked by the

growth hormone; IGF-1: insulin-like growth factor-1.

other author to ensure accuracy. In total, individual par-
ticipant data was available for n=1738 stimulation
tests in 1474 children from 27 studies; of these, there
were n=726 GH stimulation tests in 576 children from
22 studies with data on the BMI standard deviation
score (SDS) and peak GH values (Supplementary
Material 2, Individual Participant Dataset). When individ-
ual participant data was available in a study that
reported a weight parameter other than BMI, e.g. ideal
body weight percentage (IBW%), we transformed the
reported weight parameter to BMI using the growth
reference charts mentioned in the study. We used the
McLaren method for these transformations because this
was the recognized method to calculate ideal body
weight at the time of publication of most of these stud-
ies (1960s—1980s) [14]. When no external growth refer-
ence standard was specified, we used the growth
reference charts of Tanner [15] because these were the
most widely used external growth standards during
that time span. We calculated BMI SDS using the 2000
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Centers for Disease Control and Prevention growth
charts (for American studies from 2000 onwards) or
2006 WHO growth charts (for all other studies), for all
studies with available individual participant data that
did not report a BMI SDS [16,17].

Study quality and risk of bias assessment

The quality and risk of bias of the included studies were
evaluated using the Scottish Intercollegiate Guidelines
Network (SIGN) checklists for cohort, case-control, and
diagnostic accuracy studies [18]. Because most studies
contained elements of several of these study designs,
we compiled all relevant domains across the three SIGN
checklists to enhance the relevance of the risk of bias
assessment. All SIGN checklists contain the same con-
clusion domain where studies are ultimately considered
to have a low risk of bias (SIGN: “high quality”), medium
risk of bias (SIGN: “acceptable”), or high risk of bias
(SIGN: “unacceptable”). All risk of bias assessments were
performed independently by two researchers (DA, OA)
blinded for each other’s decisions; inconsistencies were
settled by discussion until consensus was reached.

Statistical analysis

All meta-analyses were conducted in R version 3.6.3
using the packages metafor and Ime4 with a two-sided
a of 0.05. Before analyses, medians and interquartile
ranges (IQR) were converted to means and standard
deviations [19]. Peak GH values were multiplied by a
correction factor when a study stated that this was
necessary to compare the peak GH values with data in
the literature. Where needed, subgroup means were
pooled [20]. The overall weighted mean and standard
deviation stratified on the type of GH stimulation test
used were calculated using the same formulas. For ana-
lytical purposes, we divided studies that performed the
stratified analysis of separate stimulation tests in each
individual patient into separate subcohorts, whilst
accounting for the possible non-independence of
observations between subcohorts in all subsequent
analyses. We aimed to perform four complementary
guantitative analyses: (1) a meta-analysis of correlation
coefficients between peak GH and BMI SDS, (2) linear
mixed-models regression analysis on the individual par-
ticipant data; (3) a meta-analysis of the relative risk (RR)
of a diagnosis of GHD in children referred for short stat-
ure with obesity vs. without obesity; and (4) a compari-
son of the proportion of children without GHD with
obesity vs. without obesity who remained below the
pre-specified peak GH cutoff value.
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For the meta-analysis of correlation coefficients, we
calculated the bivariate correlation (Pearson’s r for
normally distributed data and Spearman’s p other-
wise) between BMI SDS and peak GH for all subco-
horts of studies with individual participant data that
did not report a correlation coefficient if the sample
size was >25 patients. For studies without individual
participant data, correlation coefficients were calcu-
lated for each subcohort using the standardized
mean difference of peak GH between patients with-
out GHD with obesity vs. without obesity [21].
Subsequently, Fisher's r-to-z transformation was
applied to all individual correlation coefficients.
Finally, the estimated pooled correlation coefficient,
95% confidence interval (Cl), and prediction interval
were computed using a multilevel random-effects
model that accounted for possible within-study (i.e.
subcohort) correlation [22]. Between-study heterogen-
eity was assessed using the I statistic and Cochrane’s
Q test, with ¥ > 25% and p <0.05 for Cochrane’s Q
test indicating heterogeneity. The possible presence
of publication bias was assessed using contour-
enhanced funnel plots and Egger's regression test
(p < 0.05 indicating publication bias) with the addition
of sampling variance as a moderator in our multilevel
model to account for within-study correlation [22,23].
Exploratory moderator analyses were performed with
mixed-effect models for categorical parameters (e.g.
type of GH stimulation test) and meta-regression with
random-effects models for continuous parameters
(e.g. mean age of the study participants).

Secondly, we performed linear mixed-models regres-
sion analysis on the individual participant dataset with
outcome In(peak GH) and predictor BMI SDS, account-
ing for the GH stimulation agent used (fixed effect),
study (random effect), and the number of separate GH
stimulation tests performed in an individual patient
(random effect). Natural splines with 2 or 3 degrees of
freedom were added to the model to investigate pos-
sible non-linearity, but the comparison of models
revealed a better fit (lowest Akaike Information
Criterion and Bayesian Information Criterion) in the lin-
ear model, i.e. without natural splines. The addition of
interaction terms between BMI SDS and the GH stimula-
tion agent used revealed no interaction of the GH
stimulation agent used on the effect of BMI SDS on
In(peak GH). Therefore, these interaction terms were
omitted from the final models.

Thirdly, we aimed to perform a meta-analysis on the
RR for a diagnosis of GHD in children with obesity vs.
without obesity under a random-effects model.
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Finally, the proportion of patients without GHD with
obesity vs. without obesity that remained below the
pre-specified study-specific peak GH cutoff value were
compared using y*-tests, both across all studies as well
as stratified per type of GH stimulation agent.

Results
Characteristics of the included studies

The search strategy identified 1988 articles in the
selected databases after deduplication (Figure 2). In total,
58 articles describing 104 subcohorts of patients met
inclusion criteria and were included in this study [24-81].
The main characteristics of included studies are summar-
ized in Table 1 and Supplementary Material 1, Table 1.
Forty-eight studies were published between 1967 and
2010; 10 studies were published in the past decade. In
total, n=5135 children were included (median per study
30; IQR 14-77), of which 633 children (12.3%) had obesity
without GHD and 2006 children (39.1%) had GHD. The
mean age of children at the subcohort level ranged from
7.4-15.9years, with a weighted mean of 10.2 + 3.6 years
(available for 47 studies, n =4318 children). The mean
BMI SDS at the subcohort level ranged from —0.8 to
+4.3, with a weighted mean of 0.13 £ 1.54 (available for
25 studies, n=2081 children). Out of the 3713 children
with information available on pubertal status, 2669
(71.9%) were pre-pubertal. Sex steroid priming was either
not performed or not mentioned in all studies except for
one in which a subgroup of 5 boys with constitutional
growth delay received an intramuscular testosterone
injection before GH stimulation testing [46].

Across all studies, 15 different stimulation tests were
used, most importantly the arginine (12 studies), clonidine
(15 studies), dopamine (7 studies), GHRH (17 studies),
GHRH + arginine (5 studies) tests, and the insulin toler-
ance test (13 studies). Most studies used a radioimmuno-
assay to measure GH in plasma or serum [26-30,32-34,
37-43,45-48,50-52,54-57,60-66,69, 71-77,79]. In more
recent studies, chemiluminescence or enzyme-linked
immunometric assays were used [24,25,35,36,44,49,67,70,
80,81]. Five studies mentioned the use of calibrated GH
assays [24,33,57,61,62]. Thirty-two studies pre-specified a
cutoff value for inadequate peak GH response. The major-
ity of these studies (18/32, 56%) used a cutoff value of
10 pug/L (range 5-10 ug/L). For the GHRH + arginine test, a
cutoff value of 20 ug/L was used. None of the included
studies used or proposed BMI-specific cutoff values for
their GH stimulation tests.

Weighted mean peak GH values for the most fre-
quently used stimulation tests in non-syndromic chil-
dren are presented in Figure 3. In 16 studies, children

with syndromic obesity were included: Turner syn-
drome in six studies (n =470 children), PWS in six stud-
ies (n=54 children), PHP1a in two studies (n=18
children), Kabuki syndrome in one study (n=18 chil-
dren), and BBS in one study (n=5 children). Weighted
mean peak GH values for the most frequently used
stimulation tests for these studies are presented in
Supplementary Material 1, Figure 1.

Risk of bias

Out of the 58 studies, three were rated as having high
quality (low risk of bias) and 19 as having acceptable
quality (medium risk of bias), whereas the remaining 36
studies were rated as having a high risk of bias
(Supplementary Material 1, Table 2). The most import-
ant reasons for risk of bias were: (1) unclear patient
selection procedures; (2) no predefined peak GH thresh-
old for the stimulation test used, and/or no clear defin-
ition of GHD; (3) not using calibrated GH assays; (4) use
of IBW% or other currently abandoned anthropometric
measurements to classify weight status of patients
instead of BMI/BMI SDS; and (5) comparison of patients
with obesity with normal stature to patients without
obesity with idiopathic/familial short stature (in some
studies defined by peak GH values above a pre-speci-
fied threshold without other endocrine abnormalities).

Qualitative synthesis

In general, three subtypes of studies were recognized
(Table 1): (1) case-control design of children without
GHD with obesity compared to children without obesity
and/or children with GHD in 40 studies (n=2945
children)  [26-28,30,31,33,34,37-40,44-48,50-52,54,55,
58-65, 68, 69,71-77]; (2) observational cohort design
investigating the impact of BMI SDS on a continuous
scale in children referred to a pediatric endocrinology
center for analysis of short stature in eight studies
(n=1608 children) [24,42,43,49,57,67,78,79]; and (3)
syndromic obesity (with or without a control group) in
16 studies (n=569 children) [25,27,29,32,35,36,56,
57,59,61,63,66,70,72,80,811].

The first category of studies generally aimed at com-
paring peak GH values in otherwise healthy children
with and without obesity, with some studies addition-
ally comparing to children with GHD. In general, chil-
dren with obesity were found to have mean peak GH
values in between those of children with normal
weight and children with GHD (Figure 3), irrespective of
the stimulation agent. In several studies, the addition
of a cholinergic agent such as pyridostigmine or a
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beta-blocker such as atenolol, led to a partial reversal of
GH responsiveness [31,37,45,50,75]. One study found
that peak GH levels in children with obesity after hexar-
elin, a synthetic neuropeptide with strong GH-stimulat-
ing effects, were similar to those found in children
without obesity after GHRH [46]. In 14 studies, IGF-1 lev-
els were also measured [26,27,33,44,47,50,52,54,58,
62-64,72,73] and were found to be in the normal range
or high in children with vs. without obesity. Perotti
et al. found that the fat mass index on a dual-energy X-
ray absorptiometry scan (DXA-scan) correlated more
strongly to peak GH than BMI [58].

The second category of studies investigated the impact
of BMI on peak GH values in children referred for short
stature to pediatric endocrinology clinics
[24,42,43,49,57,67,78,79]. These cohorts included predom-
inantly pre-pubertal children, with more than 70% pre-
pubertal participants in seven out of eight studies (range
54-100%). In seven out of the eight studies, a majority of
boys were included (range 58-70%). In two of the eight
studies, only children without GHD were included [43,57],
whereas one study included only children with GHD [78].
On a continuous scale, all eight studies reported statistic-
ally significant negative correlation coefficients ranging
from —0.08 to —0.29 for the relation between BMI SDS
(seven studies) or BMI% (one study) and peak GH values
in children without GHD [43,49,57,67,79]. In two studies,
the negative association between BMI and peak GH
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remained significant after correction for age, gender, and
pubertal status [79] and additionally IGF-1 values [42]. In
contrast, Stanley et al. [67] and Lee et al. [43] reported
that the association was no longer statistically significant
in pubertal children or both pre-pubertal and pubertal
children after stratification on pubertal status.

When focusing on children with GHD, Yang et al.
found a negative correlation between BMI SDS and
peak GH of —0.10 [78]. This phenomenon was also
observed by Tanaka et al., who reported a correlation
coefficient of —0.25 for IBW% vs. peak GH in a sample
of 789 pre-pubertal children with GHD from the Pfizer
International Growth (KIGS) Database, an international
registry for children treated with GH analogs [69].
However, two studies reported no association between
BMI and peak GH in children with GHD [49,79].

The third category of studies investigated the pres-
ence of GHD in the context of genetic obesity syn-
dromes associated with short stature and found GHD in
a median of 25.8% (IQR 8.3-38.3%) of the study partici-
pants [25,27,29,32,35,36,56,57,59,61,63,66,70,72,80,81].
Pertzelan et al. suggested that patients with syndromic
obesity had lower peak GH responses than patients
with non-syndromic obesity, even when the degree of
obesity was considered [59].

Side effects of GH stimulation tests were mentioned in
20 studies. For the insulin tolerance and glucagon tests,
symptoms of hypoglycemia such as nausea and vomiting

GHD+
| & | No GHD, 0B+
| & | NoGHD, 0B-

CLON DOPA

GHRH GHRH+ARG ITT

Figure 3. Weighted mean peak GH values in the studies of children with non-syndromic obesity, stratified on GHD status and
weight status. Data was available for n=2518 children from k=51 subcohorts. The dots represent the mean of individual subco-
horts and the barplot represents the weighted mean peak GH = SEM. In the case of the DOPA, GHRH, and GHRH + ARG tests, no
studies with results on children with GHD were identified. GHD+: children with growth hormone deficiency; No GHD, OB+: chil-
dren without GDH with obesity; No GHD, OB—: children without GDH without obesity; ARG: arginine test; CLON: clonidine test;
DOPA: dopamine test; GHRH: growth hormone-releasing hormone test; GHRH 4 ARG: combined growth hormone-releasing hor-
mone + arginine test; ITT: insulin tolerance test; GH: growth hormone; GHD: growth hormone deficiency; SEM: standard error of

the mean.
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Author, Year Stim. test n total Correlation Weight (%) Corr. [95% CI]
Cohort referred for short stature

Yau, 2019 ARG+DOPA 160 —— 2.20% -0.08[-0.23, 0.08]
Stanley, 2009 Several 116 —_— 2.08% -0.22[-0.38,-0.03]
Patel, 1994 ARG 176 —— 2.23% -0.19[-0.33,-0.04]
Loche, 2011 CLON 176 —_— 2.23% -0.29[-0.42,-0.15]
Lee, 2013 CLON 88 — 4.80% -0.25[-0.44, -0.04]
Lee, 2013 DOPA 88 — 4.80% -0.02[-0.23, 0.19]
Case-control study

Weber, 1970 GLU 35 —_— 1.42% -0.30[-0.58, 0.04]
Volta, 1995 GHRH+ARG 53 —_— 3.89% -0.22[-0.46, 0.06]
Volta, 1995 GHRH 53 —_— 3.89% -0.37[-0.59,-0.12]
Volta, 1995 GHRH+TT 53 —_— 3.89% -0.39[-0.60, -0.14]
Volta, 1995 GHRH+CLON 53 — : 3.89% -0.51[-0.68, -0.27]
Vanderschueren, 1974 GLUITT 27 '—-—'—c 1.24% -0.30[-0.61, 0.09]
Van Vliet, 1986 GHRH 27 — : 1.24% -0.73[-0.87,-0.48]
Singh, 1991 CLON 40 —_— : 2.32% -0.57 [-0.75, -0.31]
Singh, 1991 T 40 —_— 2.32% -0.39[-0.63, -0.09]
Rosskamp, 1987 GHRH 40 —_— 151% -0.51[-0.71,-0.23]
Ranke, 1986 GHRH 29 —_— 1.29% -0.27 [-0.58, 0.10]
Perotti, 2013 GHRH+ARG 30 —_ 1.31% -0.46 [-0.70, -0.12]
Parra, 1971 ARG 25 —_— 1.18% -0.49[-0.74,-0.12]
Misra, 2008 GHRH+ARG 30 — : 1.31% -0.56 [-0.77, -0.25]
Martul , 1993 GHRH 28 —_— 1.26% -0.46 [-0.71,-0.10]
Loche, 1995 HEX 55 — 3.11% -0.20 [-0.44, 0.07]
Loche, 1995 GHRH 55 —_— 3.11% -0.29[-0.52, -0.03]
Liang, 2018 ARG/DOPA 108 — : 2.06% -0.41[-0.56, -0.24]
Josefsberg, 1976 ARG 397 - 18.32% -0.17 [-0.26, -0.07]
Josefsberg, 1976 T 320 i 18.05% -0.21[-0.32,-0.11]
Girard, 1972 T 80  — 1.92% 0.25[0.04, 0.45]
Carnelutti, 1970 ARG 27 — : 1.59% -0.70 [-0.85, -0.43]
Carnelutti, 1970 T 25 —_ 1.52% -0.37 [-0.67, 0.03]
Random effects model (Q = 83.74, df =28, p < 0.0001 , I = 75.2%) v 04 100.00% -0.32 [-0.41, -0.23]

[ [ |
-1 05 0 0.5

Correlation coefficient

Figure 4. Forest plot showing the meta-analysis of correlation coefficients between peak GH and BMI SDS in children without
GHD. Data was available for n=2434 patients from k=29 subcohorts. CLON: clonidine; GHRH: growth hormone-releasing hor-
mone; PD: pyridostigmine; ITT: insulin tolerance test; ARG: arginine; DOPA: dopamine; GAL: galanine; HEX: hexareline; GHRP-6:
growth hormone-releasing peptide-6; Corr: correlations; Cl: confidence interval; RE: random effects; df: degrees of freedom.

were recorded [28,74,76], which led to discontinuation of
the test in one study in 2/13 children [28]. In the case of clo-
nidine testing, a transient decrease in blood pressure and
drowsiness was recorded [25,49,71]. In tests investigating
GHRH alone, no side effects were mentioned [47,48,50-52],
whereas mild abdominal discomfort, borborygmi, and facial
flushing were recorded as side effects when GHRH was
combined with cholinergic agents or beta-blockers
[25,27,30,31,47,48,50,51]. For galanin, the only side effect
recorded was a temporary bad taste [52,53], whereas hexar-
elin did not induce any side effects [46].

Quantitative syntheses

Correlation between peak GH and BMI SDS in
patients without GHD

For 10 studies (11 subcohorts), correlation coefficients
between peak GH and BMI SDS were provided in the

original publications for patients without GHD or were
calculated using individual participant data. For an add-
itional 11 studies (18 subcohorts), correlation coeffi-
cients were calculated using the standardized mean
difference of peak GH between patients without GHD
with obesity vs. without obesity. All subcohorts for
which correlation coefficients were available concerned
non-syndromic children. When pooled, BMI SDS
showed a moderate, statistically significant negative
correlation with peak GH (pooled r = —0.32, 95% ClI
—0.41 to —0.23, 95% prediction interval —0.62 to 0.07,
n=2434 patients from k=29 subcohorts; Figure 4).
Study heterogeneity was large (> = 75.2%, Cochrane’s
Q-test p < 0.0001) and was fully explained by between-
study heterogeneity; within-study (i.e. subcohort) het-
erogeneity was found to account for 1.4%107%% of the
total variance. In the exploratory moderator analyses,
the larger proportion of males included was associated
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Table 2. Results of meta-regressions and subgroup analyses for the meta-analysis of correlation coefficients between peak GH

and BMI SDS.
% Between-study Effect size
Continuous moderators (meta-regression) k Cohorts heterogeneity explained (slope) 95% Cl Qn p-Value
Years since publication 29 0.6 —0.001 —0.007; 0.006 0.04 0.85
% Males 25 17.4 0.591 0.028; 1.154 4.24 0.04
% Prepubertal 19 34 —0.108 —0.255; 0.471 0.34 0.56
Mean age 21 0.8 —0.030 —0.105; 0.045 0.62 0.43
Mean BMI SDS 13 4.0 —0.067 —0.200; 0.065 0.99 0.32
Between-study Effect size
Categorical moderators (subgroup analysis) k Cohorts heterogeneity (%) (pooled r) 95% Cl Qn p-Value
Type of (non-syndromic) study 737 0.007
Cohort referred for short stature 6 25.7 —0.18 —0.26; —0.10
Case-control 23 75.1 —0.38 —0.48; —0.26
Stimulation agent used 4.79 0.31
Arginine and/or dopamine 7 854 —0.27 —0.44; —0.09
Clonidine 3 53.0 —0.34 —0.49; —0.17
GHRH 6 344 —0.44 —0.56; —0.29
GHRH + second agent 4 32.7 —0.43 —0.57; —0.26
Hexarelin 1 - —0.20 -
Insulin and/or glucagon 7 74.0 —0.23 —0.41; —0.04
Risk of bias 0.62 0.73
Low 3 82.6 —0.25 —0.49; 0.02
Moderate 7 73.7 —0.37 —0.54; —0.18
High 19 76.2 —0.32 —0.43; —0.19
Correlation origin 0.04 0.84
Originally provided by authors 7 574 —0.31 —0.42; —0.18
Calculated for this meta-analysis 22 79.8 —0.32 —0.44; —0.19
Correlation calculation method 0.22 0.64
Standardized mean difference 18 53.3 —0.35 —0.44; —0.25
Pearson/Spearman 4 92.8 —0.24 —0.62; 0.23

Cl: confidence interval; SDS: standard deviation score; k: number of cohorts; r: correlation coefficient; Q,,: Cochrane’s Q for the moderator variable.

Data was available for k=29 subcohorts.

with  weaker negative correlations (Table 2).
Furthermore, studies investigating cohorts referred for
short stature showed weaker negative correlations than
studies with case-control designs. The proportion of
pre-pubertal patients, mean age and BMI SDS of the
populations, and type of GH stimulation agent that was
used did not significantly moderate the pooled r
(Table 2). No clear evidence for publication bias was
found through visual inspection of the funnel plot
(Supplementary Material 1, Figure 2), which was sup-
ported by the results of Egger's regression test
(p =0.10), although the funnel plot confirmed the pat-
tern of cohort studies reporting weaker negative corre-
lations than case-control design studies. In sensitivity
analyses, correlation origin (provided by authors or cal-
culated for this meta-analysis) and the correlation calcu-
lation method did not moderate the pooled correlation
coefficient (Table 2).

Individual participant data analysis

Data on peak GH values and BMI SDS on an individual
level were available for n=726 GH stimulation tests
from 576 children from 22 studies. Linear mixed-models
analysis yielded a beta coefficient of —0.123 (95% ClI
—0.160 to —0.086, p < 0.0001) for In(peak GH) per one-
point increase in BMI SDS. This corresponded to a

decrease in peak GH by 11.6% (95% Cl 8.3-14.8%) per
one-point increase in BMI SDS. When focusing on the 8
studies with children referred for short stature to a
pediatric endocrinology clinic, individual participant
data was available from 4/8 studies (n =457 stimulation
tests from 369 children). These 4 studies showed a beta
coefficient of —0.079 (95% Cl —0.118 to —0.028,
p=0.0017) for In(peak GH) per one-point increase in
BMI SDS. This corresponds to a decrease in peak GH by
7.1% (95% Cl 2.7-11.2%) per one-point increase in BMI
SDS. In both analyses, the GH stimulation agent used
did not moderate the association between In(peak GH)
and BMI SDS (p > 0.05).

Proportion of patients referred for short stature
with GHD with or without obesity

In only one of the eight studies that included children
referred to pediatric endocrinology clinics for short stat-
ure was data presented that allowed calculation of the
RR of a diagnosis of GHD in children with obesity vs.
without obesity [79], making a formal meta-analysis
impossible. In this study, one out of 160 (0.6%) children
without GHD was classified as having obesity vs. eight
out of 155 (5.2%) children who received a diagnosis
of GHD. This corresponds to a RR of 1.85 (95% ClI
1.43-2.40; p < 0.0001) for a diagnosis of GHD in children
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Table 3. Overview of non-syndromic patients without GHD with obesity and without obesity who showed an inadequate
response in the GH stimulation test based on a pre-specified peak GH cutoff values.

n No GHD, OB + below

n No GHD, OB — below

k Cohorts cutoff/total (%) cutoff/total (%) p-Value RR? (95% Cl)

All tests 30 213/391 (55) 260/1643 (16) <0.0001 3.44 (2.98-3.97)
Stimulation agent

ARG 4 20/65 84/543 (16) 0.003 1.98 (1.31-3.01)

CLON 6 32/51 52/318 (16) <0.0001 3.84 (2.77-5.32)

DOPA 2 4/9 25/85 (29) 0.45 1.51 (0.68-3.37)

GHRH 6 26/59 0/95 <0.0001 NA

GHRH + ARG 2 3/15 3/45 (7) 0.32 3.00 (0.68-13.31)

GHRH +PD 1 3/8 0/9 0.08 NA

ITT 7 53/104 64/404 (16) <0.0001 3.22 (2.40-4.31)
Various stimulation agents

ARG/DOPA 1 70/78 (90) 0/30 <0.001 NA

ARG + CLON/DOPA + PROP/CLON + 1 2/2 (100) 32/114 (28) 0.15 3.56 (2.66-4.78)

DOPA + PROP/ARG + DOPA

k: number of cohorts; n: number of patients; No GHD, OB+: patients without GHD with obesity; No GHD, OB—: patients without GHD without obesity;
ARG: arginine; CLON: clonidine; GHRH: growth hormone-releasing hormone; PD: pyridostigmine; ITT: insulin tolerance test; PROP: propranolol; NA:

not applicable.
Data was available from n=2034 children from k=30 subcohorts.

“Relative risk for showing an inadequate response in the GH stimulation test based on a pre-specified peak GH cutoff value for patients without GHD

with obesity compared to patients without GHD without obesity.

with obesity compared to those without obesity who
were referred for short stature. When, as an alternative
to a formal meta-analysis, all available data of these
eight cohort studies was pooled, data on the weight
category was available for n=1508 children. Of these
children, 27 out of 893 (3.0%) children without GHD
were classified as having obesity vs. 36 out of 615
(5.9%) children who received a diagnosis of GHD
(p =0.007). This corresponds to a RR of 1.43 (95% ClI
1.14-1.78; p =0.002) for a diagnosis of GHD in children
referred for short stature with obesity compared to chil-
dren referred for short stature without obesity.

Proportion of non-syndromic patients without GHD
with or without obesity remaining below the pre-
specified peak GH threshold

For 20 studies (30 subcohorts, n=2034 GH stimulation
tests in non-syndromic children), data was available on
the proportion of children without GHD with obesity vs.
without obesity who showed an inadequate response
to the GH stimulation test, i.e. remained below the pre-
specified peak GH cutoff value. Across all studies, in
213/391 (54.5%) GH stimulation tests in children with
obesity and 260/1643 (15.8%) GH stimulation tests in
children without obesity, peak GH remained below the
pre-specified cutoff value (p<0.0001). This corre-
sponded to an overall RR of 3.44 (95% Cl 2.98-3.97;
p <0.0001) for an inadequate response to the GH
stimulation test in children without GHD with obesity
compared to children without obesity. When stratifying
the results on the stimulation agent used, no large dif-
ferences were found between the stimulation agents
(Table 3). The lowest proportions of inadequate
responses, in children both with and without obesity,

were observed using the GHRH+ arginine test. The
insulin tolerance test, which is considered to be the
gold standard, did not perform better than other GH
stimulation tests, with over half of the children with
obesity showing an inadequate response in the test
(Table 3).

Discussion

To our knowledge, this is the first systematic review
and meta-analysis to investigate and quantify the
impact of weight status on peak GH values after GH
stimulation tests in children. Our results show a signifi-
cant overlap between mean peak GH values of children
with GHD and children with obesity without GHD.
Furthermore, a moderate, negative pooled correlation
of —0.32 between BMI SDS and peak GH values was
found. Studies that included a larger proportion of
males and studies with cohort designs showed slightly
weaker negative correlations. Individual participant
data analysis showed an 11.6% decrease in peak GH
values per one-point increase in BMI SDS across all
studies. Importantly, the negative association between
BMI SDS and peak GH was already occurring within the
normal range of BMI SDS and was independent of the
stimulation agent used. This could lead to overdiagno-
sis of GHD in children with overweight or obesity.

The diagnosis of GHD in children is challenging due
to the pulsatile secretion of GH, lack of anatomical sub-
strate or concomitant hormone deficiencies in the case
of idiopathic GHD, and lack of an established threshold
for GH stimulation test results to distinguish partial
GHD from variation in the normal range [3,4].



Shortly following the first publication in 1963 of a
method to measure stimulated GH after insulin-induced
hypoglycemia in healthy adults [82], several studies
reported blunted responses in children and adults with
obesity, although the exact pathophysiology was not
understood [83]. In the following decades, several
mechanisms that are currently thought to largely
explain the blunted GH response to stimulation tests in
obesity were identified. First, increased fat mass is asso-
ciated with a decrease in both the frequency and the
amplitude of GH secretory bursts and with increased
GH clearance, leading to a decreased GH half-life
[84,85]. Second, increased insulin levels are thought to
play an important role, either via direct inhibition of
pituitary GH synthesis and release [7] or via peripheral
inhibition of the production of IGF-binding protein 1 by
the liver, leading to increased IGF-1 levels [86]. Third,
increased levels of free fatty acids (FFA) in obesity are
thought to inhibit pituitary GH release either directly or
partly via an increase in somatostatinergic tone [87].
Fourth, it is well-known that in obesity, growth hor-
mone-binding protein (GHBP) secretion is increased
and serum levels in children are strongly correlated
with BMI [88]. GH immunoassays may be affected by
high plasma concentrations of GHBP [89], and this
could lead to a potential negative bias in peak GH val-
ues, especially when using modern assays with mono-
clonal antibodies and shorter incubation times [90].
Finally, both a chronic increase in somatostatinergic
tone and a direct inhibitory effect of increased free IGF-
1 levels caused by decreased levels of IGF-binding pro-
teins 1 and 2 have been hypothesized, both in humans
and animal models, but their contribution to the hypo-
responsiveness of GH to stimulation tests in obesity has
been disputed [7]. Importantly, the blunted GH
response to GH stimulation is reversible through weight
loss in both adults [91] and children [53,92]. Several
studies investigated the addition of pharmaceutical
agents to GH stimulation agents in obesity. The add-
ition of acipimox, a nicotinic acid analog that causes an
acute reduction of FFA levels through direct inhibition
of FFA production by the liver, was shown to reverse
the blunted GH response to arginine testing in adults
[871. In children, other studies found a partial reversal of
hyporesponsiveness to GHRH in obesity with the add-
ition of pyridostigmine, an acetylcholinesterase inhibi-
tor [30,37,50], galanin, a neuropeptide widely expressed
in the central nervous system and gut [52], or atenolol,
a selective beta;-blocker [51]. As all these agents exert
their effect through inhibition of somatostatin, these
clinical findings strengthen the hypothesis of an
increased somatostatinergic tonus in obesity. Of note,
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all studies investigating the addition of pharmaceutical
agents in GH stimulation tests had a case-control
design comparing individuals with obesity vs. without
obesity. Their usefulness in cohort studies of children
referred for short stature has not yet been investigated,
and current clinical guidelines do not mention their
potential use [3,4]. Therefore, the addition of these
agents to GH stimulation tests in the current clinical
practice of children referred for short stature is prob-
ably limited until more data becomes available.

Our meta-regression results show that the negative
correlation between BMI SDS and peak GH values in
children without GHD was significantly moderated by
the study design. This finding is of particular clinical
importance because most studies investigating this
relationship were small case-control studies that com-
pared children with obesity vs. without obesity. When
focusing only on cohort studies performed in children
referred for short stature without GHD, BMI SDS
showed a more modest negative correlation with peak
GH of —0.18 and a 7.1% decrease in peak GH values per
one-point increase in BMI SDS. Furthermore, meta-
regression showed that the proportion of males
included was associated with weaker negative correla-
tions. Current pediatric guidelines do not mention sex
in the interpretation of GH stimulation test results of
children referred for short stature [3,4]. Moreover,
recently published studies in children with short stature
do not report sex differences in results of GH stimula-
tion tests [93], although sex differences have been
reported in adults undergoing GHRH + arginine tests
[94]. Given that the weighted mean age of participants
was 10.2years, i.e. around the “pre-pubertal dip” of
growth velocity, our finding may be explained by the
lack of sex steroid priming in all but one of the studies.
Sex steroid priming is known to increase the specificity
of GH stimulation tests and can prevent inappropriate
diagnosis of GHD and the subsequent need for GH
treatment in children with constitutional delay of
growth and puberty [4,95]. As such, the 2016 guideline
by the Pediatric Endocrine Society advocates the use of
sex steroid priming in all pre-pubertal children from
age 11years (boys) or 10years (girls) onwards [4]. In
contrast, however, the 2019 guideline from the Growth
Hormone Research Society states that the efficacy of
priming for improving the diagnostic performance of
GH stimulation testing, in general, is unclear [3]. It could
be argued, especially in children with overweight or
obesity who are already at risk of showing blunted
peak GH responses, that sex steroid priming before GH
stimulation tests may have additional benefits to
reduce false-positive test results, but this remains to be
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investigated. Moreover, it is important to standardize
the stimulation testing procedure itself, including the
route of administration, quantity of stimulation agents,
and timing of blood draws [96].

All in all, the negative association between peak GH
values and BMI SDS, which is already present in the nor-
mal range of BMI SDS, could lead to overdiagnosis of
GHD in children with overweight or obesity. A formal
meta-analysis of the relative risk of a diagnosis of GHD
in children with short stature with obesity vs. without
obesity was not possible due to the lack of reported
data stratified on both weight status and GHD status.
Our analyses, when pooling available data across all
these studies, suggest an increased risk of a diagnosis
of GHD in children with obesity, as can be expected
because peak GH values were used to define GHD in
most of the studies that pre-defined GHD. On the other
hand, GH treatment registry studies investigating the
response to GH treatment found no differences in delta
growth velocity or delta height SDS in children with
overweight and obesity compared to children with nor-
mal weight [97]. This suggests that children with over-
weight and obesity are not more often misclassified as
GH deficient than children with normal weight. It is
important to realize that the combination of short stat-
ure and obesity is rare, and in our meta-analysis, only
63/1508 (4.2%) children referred for short stature with
available data on weight status had obesity. Obesity
itself is characterized by slightly increased linear growth
during childhood and normal adult height [98]. The
combination of short stature or decreased growth vel-
ocity and obesity or unexplained weight gain should
therefore prompt the clinician’s attention to a potential
underlying medical cause for the child’s obesity, e.g.
hypercortisolism or genetic obesity syndromes [2,4]. A
recent study investigating underlying medical causes of
obesity indeed found that lower height SDS was one of
the most important predictors of genetic obesity syn-
dromes (mean height SDS —0.4 vs. +0.6 in children
with obesity without an underlying medical cause),
although only a minority of children with genetic obes-
ity syndromes (4/18, 22%) in this study had short stat-
ure [99]. In our meta-analysis, a diagnosis of GHD was
made in a median of 25% of children with syndromes
associated with short stature, most of which are also
associated with obesity. Therefore, clinicians should be
aware of the relatively high likelihood of GHD in chil-
dren with obesity, short stature, and features indicative
of an underlying syndrome, such as congenital anoma-
lies, dysmorphic features, or developmental delays.

Importantly, GHD is a clinical diagnosis relying on a
combination of auxologic, radiologic, and clinical

findings in addition to GH stimulation tests. An ideal
GH stimulation test would aid in the diagnosis of GHD
by distinguishing healthy children from children with
GHD with minimal side effects, be easy to perform, and
show reproducibility of the test results [100-102].
However, none of the currently used stimulation tests
in children fulfill these criteria, and it has even been
argued that GH stimulation tests should not be used in
the diagnostic workup of GHD in children [103].
Furthermore, based on our current analyses, a pattern
favoring a single stimulation agent was not observed,
as 16% of children without GHD without obesity and
55% of children with obesity across all studies showed
a peak GH value below the pre-specified cutoff of the
study. Even in the case of the insulin tolerance test,
which is considered the gold standard test to identify
GHD [7,102] (although it is rarely performed due to the
risks associated with insulin-induced severe hypogly-
cemia [3,4,7,104]), over half of the children with obesity
remained below the peak GH threshold. This highlights
the need for novel, more potent stimulation agents.
Synthetic neuropeptides such as hexarelin and maci-
morelin are examples of stronger stimulation agents
that act through the growth hormone secretagogue
receptor [105], with the latter already included in the
2019 American Association of Clinical Endocrinologists
and American College of Endocrinology guidelines for
adult GHD [46,104]. Final results from pediatric studies
investigating macimorelin are expected shortly [106],
but the impact of BMI on the results of GH stimulation
tests with these agents as well as their performance in
cases of hypothalamic dysfunction (as opposed to pitu-
itary dysfunction) as a cause of GHD remain to be inves-
tigated in both adults and children [3,104]. As well as
innovations in GH stimulation testing, stratification of
patients based on pretest likelihood estimated from
auxologic, radiologic, and anatomic data with subse-
quent calculation of post-test likelihood based on IGF-1
SDS, as recently proposed, could further aid clinical
decision-making regarding GH stimulation tests [107].
Important for the correct interpretation of GH stimu-
lation tests is the standardization of the GH assays
used. Current immunoassays, especially those using a
monoclonal antibody, are more specific for GH than
some older assays [102,108,109]. GH has a wide variety
of molecular isoforms that are bound differently by the
antibodies used in the assays, especially when using
polyclonal antibodies. The first standardization of GH
took place in 1969 with the WHO International
Reference Preparation 66/127, which contained a var-
iety of GH isoforms. Today, calibration takes place on
the 22-kD GH isoform (WHO International Standard (IS)
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Figure 5. Weight status-adjusted cutoffs for children with overweight and obesity based on our meta-analysis results. Adjusted
cutoffs based on BMI SDS (BMI z-score adjusted for age and sex) are provided for stimulation tests with cutoffs for children with

normal weights of 5, 7, 10, or 20 pg/L.

98/574 or WHO IS 88/624) [90]. Regardless, there is a
need for universal harmonization of GH assays [102]. As
an example, in the Netherlands, GH assay harmoniza-
tion took place in the early 2010s and resulted in a
decrease of imprecision from 22 to 6.7% using calibra-
tors based on the WHO IS 88/624 [110,111]. Most of the
cutoffs for GH stimulation tests were determined in
older studies using radioimmunoassays with polyclonal
antibodies. In addition to known variation among
assays and laboratories, cutoffs need to be revised
when using more specific immunoassays [3,4,102]. Even
greater adjustments are needed when mass spectrom-
etry is used to assay GH [112].

What peak GH cutoff values should be used for chil-
dren referred for short stature with overweight and
obesity? Our individual participant data analysis
showed a decrease in peak GH values of 7.1% per one-
point increase in BMI SDS in these children. To calculate
the corresponding weight-status adjusted cutoffs, the
following equation can be used:

CUtOffadjusted(ug/L) = cutoff,omal weight * 0.9298M! DS

When, by WHO definitions, overweight and obesity
in children >2years are defined as a BMI SDS >1 (85th
percentile) and >2 (97.5th percentile) [1,17], this trans-
lates into peak GH cutoff values of 9.3 ug/L for over-
weight and 8.6 ug/L for obesity if the cutoff value for
normal weight is set at 10 pg/L (Figure 5). If the cutoff
value for normal weight is set at 7 pg/L, the proposed
cutoff values would be 6.5 and 6.0 ng/L for overweight

and obesity, respectively. For the GHRH + arginine test
in which a cutoff of 20 ug/L is used, the cutoff for over-
weight would be 18.6 ug/L and for obesity 17.3 ug/L.
Importantly, these cutoff values need to be validated
prospectively. Gender and puberty status should always
be included in future studies so that it is possible to
investigate the effect of sex and puberty status on
these weight-status adjusted cutoffs.

Strengths and limitations

A strength of our systematic review and meta-analysis
is its elaborate design that included rigorous extraction
of individual participant data in a large subgroup of
patients. Where possible, we contacted corresponding
authors for additional information. Furthermore, we
applied several complementary meta-analytic methods
which showed consistent outcomes, thus improving
the scientific rigor.

One limitation of this systematic review was that
most studies included had a small sample size. To over-
come this, we extracted individual participant data
where possible and adopted a minimum group size of
25 patients in our meta-analysis of correlations to minim-
ize the risk of small sample bias. Unfortunately, individual
participant data was not available for all studies and
because most studies were performed decades ago,
requested data was not always available. Therefore, we
used validated statistical methods, such as the calcula-
tion of correlation coefficients via the standardized mean
difference, to obtain the required data for our meta-
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analyses from the originally reported data [21] and per-
formed sensitivity analyses to confirm that these differ-
ent statistical methods did not moderate our meta-
analytic findings. Another limitation is that most of the
included publications were case-control studies. These
studies often included children with and without obesity
with normal stature, and GH stimulation tests would nor-
mally not be performed in these populations.
Furthermore, the risk of bias assessment showed that
the majority of the studies included had a high risk bias.
To overcome these issues, we performed sensitivity anal-
yses restricted to cohort studies with children referred
for short stature. These sensitivity analyses showed simi-
lar results although the effect sizes were slightly smaller
and likely less biased. Another limitation was that many
studies used radioimmunoassays to determine GH con-
centrations. Radioimmunoassays are known to be less
specific for the 22-kD GH isoform than current assays
with monoclonal antibodies. Therefore, we used the
peak GH threshold provided by the authors for our anal-
yses of the proportions of children with and without
obesity that failed the GH stimulation tests.

Conclusions

In conclusion, we systematically reviewed the current
literature on the effect of weight status on GH stimula-
tion test results in children. Our meta-analyses showed
a significant negative correlation between BMI SDS and
peak GH concentration in children, with a one-point
increase in BMI SDS corresponding to an 11.6%
decrease in peak GH values. Given the increasing preva-
lence of pediatric obesity, our study highlights the
need for BMI SDS-specific cutoff values for GH stimula-
tion tests in children with short stature. Based on the
results of the current meta-analysis, we propose
weight-status adjusted cutoffs for GH stimulation tests
and provide a general equation to calculate weight sta-
tus-adjusted cutoffs for GH stimulation tests in children
using age- and sex-adjusted BMI SDS. Future studies
should prospectively validate these cutoffs in children
with short stature.
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