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Editorial on the Research Topic

Controversies in growth hormone treatment and diagnosis
The diagnosis and treatment of pediatric growth disorders encompasses a wide range

of topics including diagnostic criteria, including genetic analysis, indications for therapy

with recombinant human growth hormone (rhGH) and efficacy and optimal benefit from

this therapy. This Research Topic issue includes 19 articles embracing all of these

components and gives a rich account of the current state-of-the-art of growth disorder

management. In terms of diagnosis, assessment of GH secretion is a controversial field due

to the relative inaccuracy of GH stimulation tests. The value of GH testing is addressed by

Yau and Rapaport and by Ibba and Loche who cites evidence of GH deficiency without the

need to perform formal stimulation tests. An appraisal of the electronic computer-aided

bone age diagnosis system, a key factor in short stature evaluation, is discussed and a high

degree of confidence reported in this new technology. The genetic components of growth

disorders is widely described by several authors, notably with descriptions of genetic

syndromes such as brachydactyly, collagen gene mutations, NPR2 gene variants, GH

resistance and ring chromosome 15 syndrome. The response of several of these disorders,

including children with idiopathic short stature, to treatment with rhGH is reported. The

well known but rarely documented or discussed gender and racial disparities in the

evaluation and treatment of short stature and GHDeficiency is addressed in a brief review.

Therapy with rhGH is approved by the FDA and European Medicines Agency

(EMA) in GH deficient children and several non-GH deficient disorders such as Turner

syndrome and short stature related to birth size small for gestational age. The

optimization of this therapy has challenged clinicians since its introduction in 1985.

The enhancement of height gain using a combination of rhGH and GnRH analogues to

suppress skeletal maturation is elegantly debated by Wit. Two further components of

rhGH therapy are safety and adherence to the treatment regimen. Safety is discussed in

two articles with reassuring conclusions, one related to all-cause mortality and cancer-

risk and the second a broad overview of safety and discussion of the need for long-term

clinical surveillance by Cianfarani. The second component of adherence to rhGH therapy
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is addressed in a systematic literature review of the data on

injectable treatment in a range of chronic conditions and an

objective account of patients’ perception of the use of the

electronic autoinjector Easypod™ which is reported to be

associated with high rates of adherence.

The final two articles relate first to the important but rare

disorder of severe primary IGF-1 deficiency, or GH resistance,

which is approved for treatment with rhIGF-1. The topic

discussed is the effect of rhIGF-1 therapy on pubertal timing

and growth dynamics with data generated from the European

Increlex® Growth Forum Database Registry. Finally, a

comprehensive appraisal of current opinions on the effect of

long-acting rhGH therapy, which is about to enter clinical

paediatric practice, is discussed by Miller.

The Research Topic issue presents balanced, objective and

nonpromotional discussions of current controversial topics of

clinical relevance. Emphasis is given to developments in genetic

diagnosis of rare syndromes, which nevertheless present clinical

challenges, and to topical issues such equity in diagnosis and

treatment as well as the impact of long-acting rhGH. We are

confident that these articles will be of value to clinicians

responsible for management of growth disorders and therefore

positively impact patient care.
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6
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GH Resistance Is a Component
of Idiopathic Short Stature:
Implications for rhGH Therapy
Martin O. Savage* and Helen L. Storr

Centre for Endocrinology, William Harvey Research Institute, Barts and the London School of Medicine & Dentistry, Queen
Mary University of London, London, United Kingdom

Idiopathic short stature (ISS) is a term used to describe a selection of short children for
whom no precise aetiology has been identified. Molecular investigations have made
notable discoveries in children with ISS, thus removing them from this category. However,
many, if not the majority of children referred with short stature, are designated ISS. Our
interest in defects of GH action, i.e. GH resistance, has led to a study of children with mild
GH resistance, who we believe can be mis-categorised as ISS leading to potential
inappropriate management. Approval of ISS by the FDA for hGH therapy has resulted
in many short children receiving this treatment. The results are extremely variable. It is
therefore important to correctly assess and investigate all ISS subjects in order to identify
those with mild but unequivocal GH resistance, as in cases of PAPP-A2 deficiency. The
correct identification of GH resistance defects will direct therapy towards rhIGF-I rather
than rhGH. This example illustrates the importance of recognition of GH resistance among
the very large number patients referred with short stature who are labelled as ‘ISS’.

Keywords: growth, short stature, growth hormone resistance, genetic defects, idiopathic short stature, growth
hormone therapy
INTRODUCTION

The term idiopathic short stature (ISS) was first applied to short children without a known aetiology
over 35 years ago, long before the era of molecular investigation. A current definition of ISS will be
discussed below. However, ISS is not a definitive diagnosis. Its original use as a description of
children with short stature, who did not have GH deficiency, served a purpose in its day, but now
clinicians take the investigation of such children further, with new opportunities presenting a
realistic chance of identifying causative pathogeneses (1). As precision medicine attempts to
personalise diagnosis and therapy, new genetic discoveries in the GH-IGF-I axis and growth
plate chondrogenesis provide opportunities for more precise diagnosis (1).
GH RESISTANCE

GH resistance in children embraces a range of defects in the GH-IGF-I axis characterised by an
abnormality in the action of GH (2). In the context of child with short stature, it is the milder forms
of GH resistance, which tend to be confused with ISS. The extreme or ‘classical’ form of GH
resistance, so-called Laron syndrome, is relatively easy to diagnose because of its extreme phenotype
n.org December 2021 | Volume 12 | Article 78104417
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and is unlikely to be confused with ISS. However milder or ‘non-
classical’ GH resistance disorders might overlap clinically and
thus be mis-categorised as ISS. In 2019, an extensive review of
mild or ‘non-classical’ abnormalities of GH action was published
by our group (3). These findings will be summarised below
together with a hypothesis that in many cases mild GH resistance
disorders may be mis-diagnosed as ISS.
THE ORIGIN OF THE ISS DESIGNATION

The diagnosis of GH deficiency in children entered clinical
practice in the late 1960s with the demonstration of GH
release following stimulation by insulin-induced hypoglycaemia
or acute administration of glucagon and other GH secretagogues
(4). GH stimulation tests permitted diagnosis of GH deficiency
and thereby separated GH deficient patients from those with
similar appearance but normal GH secretion. Towards the end of
the era of administration of pituitary-derived hGH, which
terminated in 1985 due to the Creutzfeldt-Jakob epidemic, the
anticipation of the availability of recombinant hGH (rhGH), first
synthesized in 1979 (5), led to short and long-term studies of
hGH therapy in subjects with so-called ‘normal variant short
stature’ (6) or labelled as ‘short normal’ children (7). A
conference, convened at the NIH in November 1983 to discuss
the future use of rhGH in short children without GH deficiency,
concluded that in a society that ‘values tallness’, controlled
research studies of rhGH in such patients were authorized (8).
At that meeting, ISS as a diagnostic group acquired
scientific respectability.
CURRENT DEFINITION OF ISS AND ITS
SUB-CLASSIFICATION

The definition of ISS is clinically important because inclusion of
a child with short stature within this designation may, in certain
societies where ISS is approved for hGH therapy, provide an
indication for this treatment. ISS is currently defined as short
stature with height <-2 SDS, normal birth size (birth weight and
length >-2 SDS), absence of abnormal physical features and
normal general screening investigations, normal body
proportions and absence of major dysmorphic features (9). It
should be noted that the above definition of ISS is different from
the height criterion of <-2.25 SD approved by the FDA for rhGH
therapy (10).

The components of ISS were critically appraised in two
reviews by Wit et al. in 2008 (10, 11). A Consensus Statement
on ISS management was also published in 2008 (12). ISS was
subdivided into familial short stature (FSS) with normal or
delayed bone age and non-familial short stature (NFSS) with
normal or delayed bone age (9–11). The definitions proposed for
FSS and NFSS are based on the calculation of ‘conditional’ target
height (cTH), which is adjusted for the correlation between
Frontiers in Endocrinology | www.frontiersin.org 28
maternal and paternal heights, so-called assortative mating,
and for the correlation between children’s height SDS and
mid-parental height SDS (13). The definition of FSS is Height
SDS = cTH SDS ± 1.6 and of NFSS, Height SDS < cTH SDS -1.6
based on the fact that 95% of healthy children have Height SDS =
cTH SDS ± 1.6 (the TH range). It should be noted that FSS may
co-exist with constitutional delay of growth and puberty (CDGP)
in the same patient, who might present earlier with short stature.
Most children with CDGP seen in a growth disorders clinic have
at least one parent who is short.

It is likely that in most subjects with FSS, the short stature is
related to the inheritance of polygenic variants from both parents
with multiple small negative effects on height. However, a copy
number variant (CNV) or monogenic defect is also possible,
particularly if there is a pattern of dominant inheritance, notably
from one parent. The inheritance of multiple variants in the same
or different growth-related pathways may occur (14). In children
with NFSS and a slow tempo of growth constitutional delay of
growth and puberty is statistically the most likely diagnosis,
particularly if bone age is delayed and the family history is
positive for delayed puberty. However, also a recessive or de novo
pathogenic gene variant or CNV should be considered. It is in the
NFSS group that defects associated with adult height below
parental target height are most likely to occur.

At the time when the GH-IGF-I axis was considered to be the
major influence for growth regulation, ‘ISS’ was used to describe
children who fell between GH deficiency and GH insensitivity in
the so-called GH-IGF-I axis continuum model (Figure 1) (15).
According to this model, ISS subjects should have a normal
physiological equilibrium between GH sensitivity and GH
deficiency, which is the case for those with FSS, where no
endocrine defect in the child or parents has been identified.
However, since the discovery that most genes associated with
normal linear growth have no direct relationship with the GH-
IGF-I axis (16), it appears more useful to think in terms of
another conceptual framework for understanding short and tall
stature that is centred not on the GH-IGF-I axis, but rather on
the growth plate (17). In the 21st Century, 35 years after its
inception, ISS therefore describes a highly heterogeneous group
of short patients and should no longer be used as a single
definitive diagnostic category (1).
ASSESSMENT OF PATIENTS WITH SHORT
STATURE AND INVESTIGATION OF ISS
AND GH RESISTANCE

A diagnostic algorithm for investigation of short stature is shown
in Figure 2. The three key approaches of clinical assessment,
endocrine evaluation and genetic analysis should have equal
status in the hierarchy of assessment variables. We resist the
suggestion to give genetic analysis more prominence (14) at the
expense of clinical assessment, because clinical skills are crucial
in terms of identifying a phenotype and taking a valuable history
(1). The classification of growth disorders into primary growth
December 2021 | Volume 12 | Article 781044
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plate defects and secondary abnormalities affecting growth plate
function has redressed the balance of probability of correct
pathogenesis away from the GH-IGF-I axis towards defects of
chondrogenesis (1, 17). A diagnosis of GH resistance can be
Frontiers in Endocrinology | www.frontiersin.org 39
made following evaluation of GH secretion and the IGF system
(Figure 2), however the precise molecular pathogenesis will
require next generation sequencing using either candidate gene
or whole exome sequencing techniques (1, 2, 14).
FIGURE 2 | Algorithm for investigation of short stature, idiopathic short stature and GH resistance.
FIGURE 1 | The continuum model showing the relationship between disorders of the GH-IGF-I axis and responsiveness to hGH therapy. Suggested therapy with
doses of rhGH and rhIGF-I relating to the different disorders is also shown.
December 2021 | Volume 12 | Article 781044
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ENDOCRINE ABNORMALITIES IN
PATIENTS INITIALLY CONSIDERED
TO HAVE ISS

In the 1980s and 1990s the study of childhood linear growth
focused on the function of different components of the GH-IGF-
I axis and enormous progress in the understanding of this axis
was made (18). The original somatomedin hypothesis, published
in 1957 (19), was up-dated 50 years later (20) showing that the
IGF system played a key role in growth regulation with both
circulating and peripherally produced IGF-I having individual
roles (21). IGF-I deficiency was reported to occur in a proportion
of short patients with normal GH secretion (22), which placed
some ISS patients in an intermediate position between GH
deficiency and GH resistance, although some overlap existed.
GH RESISTANCE AS A COMPONENT
OF ISS

Evidence has accumulated that some ISS patients have a degree
of functional GH resistance (22) with a broad range of generation
of IGF-I in response to GH. The important study by Cohen et al.
in 2007 reported that in some ISS patients high doses of rhGH
were needed to reach a serum IGF-I concentration of +2 SD (23).
Evidence of subnormal generation of IGF-I was also
demonstrated in the elegant studies by Buckway and Selva of
responses in the IGF-I generation test (IGFGT). Compared to
normal control subjects, ISS patients had basal IGF-I levels in the
lower half of the normal range and after GH stimulation on days
5 and 8 of the IGFGT, IGF-I levels were significantly lower than
normal, regardless of GH dose (24, 25). It should be noted that
the IGFGT has suffered from a lack of standardization, both of
dose of rhGH used and duration of stimulation (10). Similarly,
normative data have not been established and the routine use of
the IGFGT is not recommended in the investigation of ISS (12).
The hormonal findings of possible IGF-I deficiency in ISS
challenge the definition that states that ISS is associated with
no endocrine abnormality. The molecular basis of these findings
was not apparent at that time.
VARIANTS IN GENES REGULATING GH
ACTION WITH PHENOTYPES
CONSISTENT WITH ISS

ISS patients may have variable GH resistance and IGF-I
concentrations (10) and consistent with this, a proportion have
a diminished response to rhGH therapy (11, 15). Therefore, it
has been suggested that less deleterious GHR gene defects may
cause ISS associated with features of GH resistance (26).
Numerous studies of ISS cohorts have reported heterozygous
GHR variants occurring with a frequency ranging from 5 to
15.5% (27). It has also been noted that GHR sequence changes
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are common in children with ISS with many also identified in
control subjects and normal stature family members (3).

Since the inception of genetic investigations of short stature
phenotypes in the late 1980s, a number of pathogenic variants
have been discovered in children labelled as having ISS. Mild
forms of GH resistance can be broadly divided into three
categories; 1) aberrations of GH signalling caused by
homozygous or heterozygous variants of genes encoding the
GH receptor (GHR) or Signal Transducer And Activator of
Transcription 5B (STAT5B) (3, 28); 2) defects of IGF-I
secretion (IGFI), transport (IGFALS) and bioavailability
(PAPPA2) (3, 29, 30) and; 3) IGF-I insensitivity (IGFIR) (31).
A summary of phenotypic and endocrine features of genetic
defects consistent with ISS is shown in Table 1.
GHR MUTATIONS ASSOCIATED WITH
MILD PHENOTYPES

In the endocrine scientific community, there was initially some
resistance to the concept of GHR mutations being associated
with a milder phenotype than is seen in classical Laron
syndrome. However, there is clear evidence that GH
insensitivity of primary genetic origin is not always associated
with extreme short stature (3). Evidence of a phenotypic and
biochemical continuum in patients characterised as having GH
insensitivity first arose from a European cohort of 82 subjects
identified for replacement therapy with rhIGF-I (2). Phenotypic
characteristics were strikingly broad with heights ranging from
-2.2 to -10.4 SDS. An analysis of 70 subjects with features of GH
insensitivity and GHR mutations in our laboratory showed that
height SDS was significantly related to the type of GHR defect,
with subjects having dominant negative or homozygous 6y
pseudoexon mutations (see below) being more mildly affected
than those with nonsense, missense or splice mutations (2).

Dominant Negative GHR Mutations
Heterozygous dominant-negative GHR mutations were reported
in seven children with growth failure and heights ranging from
-2.0 to -4.2 SDS (3, 32). In addition to the short stature being
milder than in Laron syndrome, none of these patients had the
dysmorphic cranio-facial features of classical GH insensitivity.
Facial appearances were normal or only minimally dysmorphic.
All subjects had IGF-I deficiency with normal GH secretion as
evidence of their GH resistance. It is understandable that such
patients, if not investigated in detail, could be incorrectly
categorised as having ISS and therefore potentially treated with
rhGH, to which they would not be responsive (11).

The Intronic GHR Pseudoexon Mutation
The intronic GHR pseudoexon mutation (6y) was first described
in 2001 in four siblings with mild GH insensitivity from a
consanguineous Pakistani family (33). The inclusion of the
abnormal pseudoexon sequence in the GHR transcript
translates to the insertion of 36 new amino acids within the
extracellular domain and induces abnormal function of the
December 2021 | Volume 12 | Article 781044
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mutant GHR protein. In 2018, the group from the William
Harvey Research Institute in London reported 20 cases, the clear
majority being from consanguineous Pakistani families (34). The
mean height SDS was -4.1 ± 0.95, mean IGF-I SDS was -2.8 ± 1.4
SDS and mean IGFBP-3 SDS was -3.0 ± 2.1. Ten out of the 20
subjects (50%) had facial features consistent with classical GH
insensitivity and 10 had normal facial appearance. The
phenotype of 6y subjects is therefore variable, more so than in
other extracellular GHR mutations and it has recently been
reported that variable amounts of 6y- and wild type-GHR
transcripts were identified in 6y patients. Higher 6y:wild-type
GHR transcript ratio correlated with the severity of the short
stature phenotype (35).

IGFALS and PAPP-A2 Mutations
Additional homozygous mutations associated with relatively mild
short stature, hence predisposing to incorrect categorisation as
ISS, are defects of the acid-labile subunit (IGFALS) and
pregnancy-associated plasma protein A2 (PAPP-A2) genes.
Both these proteins have key functional roles in the transport of
IGF-I and IGFBP-3 in the circulation and the regulation of IGF-I
bioavailability to peripheral tissues. IGFALS mutations cause
severe deficiency of circulating ALS, with the inability to form
the ternary complex resulting in marked reduction of serum IGF-
I and IGFBP-3 concentrations (2, 3). However, paradoxically, the
degree of growth disturbance is mild, presumably related to
generation of free IGF-I in peripheral tissues, hence preserving
autocrine/paracrine IGF-I action.

In 2016, the first human cases of PAPP-A2 deficiency were
described that led to increased circulating IGF-I and IGFBP-3
concentrations due to an inability of the PAPP-A2 protein to
cleave the ternary complex and release free bioavailable IGF-I
(29). As in ALS deficiency, the phenotype is subtle, being
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characterised by mild short stature (height ranging from -1.0
to -3.8 SDS), mild microcephaly, long thin nose and
small chin with long fingers and toes. However, the serum
concentrations of (total) IGF-I, IGFBP-3 and ALS are
diagnostically elevated (3).

Heterozygous Mutations Causing
Short Stature
Heterozygous mutations of key genes regulating GH action may
be associated with short stature phenotypes, but these are less
severe than those caused by their homozygous counterparts.
Examples are mutations of the following genes; GHR, STAT5B,
IGF-I and IGFALS (1, 3).
ISS AS AN INDICATION FOR RHGH
THERAPY

When hGH was approved by the FDA in October 1985 for
therapy in children with ‘inadequate GH’, this was contingent on
the establishment of post-marketing surveillance. Genentech, the
makers of the approved rhGH, Protropin, set up the National
Cooperative Growth Study (NCGS), within which ISS was a
designated diagnostic group (36). ‘Idiopathic short stature’, thus
became an established label for short children with normal GH
secretion, normal birth weight and absence of chromosomal
defects or chronic illness and was soon adopted throughout the
paediatric endocrinology community, particularly in the USA.
Alternative terms were proposed such as idiopathic growth
failure (IGF) or growth failure of unknown aetiology (GFUE)
to change the emphasis from “stature” to “growth” or growth
rate (1). However, the term ISS prevailed and thirty five years
TABLE 1 | Summary of phenotypic and biochemical features of defects causing GH resistance originally labelled as ISS.

Phenotype Gene defect

GHR heterozygous
dominant negative

GHR
pseudo-exon

STAT5B heterozygous
dominant negative

IGFI IGF2 (heterozygous
variants)

IGFALS PAPPA2

Short stature + + + + + + +
Mid-face
hypoplasia

– * +/– – – – –

Other facial
dysmorphism

– – – +
Micrognathia

+ – +
Long thin

nose
Small chin

Deafness – – – +/– – – –

Microcephaly – – – + – – +/–
Intellectual deficits – – – + – – –

Pubertal delay – – +/– – – + –

Immune deficiency – – + – – – –

Hypoglycemia – + –/+ – n/r – –

Hyper-insulinemia – – – +/– n/r + +
IGF-I ↓ n/↓ ↓ n/↓ n/↑ ↓ ↑
IGFBP-3 ↓ n/↓ ↓ n n/↑ ↓ ↑
ALS n/↓ n/↓ +/– n n/r ↓ ↑
GH ↑ n/↑ ↑ n/↑ n/↑ ↑ ↑
GHBP deficiency +/– – – – – – –
December 2021 | Volum
e 12 | Ar
+, Positive; –, Negative; +/–, Predominantly positive; –/+, Predominantly negative; *, approximately 50%; n/a, not applicable; n/r, not reported; ↑, increased; ↓, decreased; n, normal; ALS,
acid labile subunit; IGFBP-3, IGF binding protein-3; GHBP, growth hormone binding protein.
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later, remains a popular designation for short children with no
defined aetiology. Importantly, patients with “normal variant
short stature” specifically those with familial short stature and
constitutional growth delay were not excluded from the
“ISS” designation.

Randomized clinical trials with rhGH were led by the Pharma
Industry and produced positive growth-promoting results (37,
38) and ISS was soon referred to as ‘a condition termed idiopathic
short stature’ or a ‘diagnostic category’ (39). Positive data
confirmed the effects of rhGH therapy, notably compared with
placebo-treated controls (38). Predictably, these results lead to
approval of ISS by the FDA in 2003 as an indication for rhGH
therapy, under the criteria of height <-2.25 SD without evidence
of underlying disease or GH deficiency and short expected adult
height. This decision had major implications on clinical practice
as suddenly 400,000 children in the USA were eligible for rhGH
therapy (40). Similar applications to the European Medicines
Agency were unsuccessful, due largely to the absence of data
showing a positive rhGH-effect on quality of life (41).

The FDA approval for hGH therapy of ISS consolidated this
category of patients in the minds of paediatricians with data
on efficacy and safety accumulating in international databases
such as the Kabi international growth study (KIGS) and NCGS
(42). Results of cohorts of ISS subjects were, and still are,
being regularly analysed and published (43, 44) and are used
as the basis for management guidelines (45). ISS is also used as a
diagnostic category in the ESPE and International Classifications
of Pediatric Endocrine Disorders (www.icped.org) (46). Notably,
the ISS patients treated with rhGH responded inconsistently and
in particular, growth during year 1 of therapy did not predict the
response in year 2, which emphasised the marked heterogeneity
of patients carrying the ISS label (47).
INFLUENCE OF GH RESISTANCE ON
GROWTH RESPONSE TO RHGH

In clinical medicine, ‘diagnosis’ generally means that the
aetiology of a condition has been identified. As stated above,
ISS is not a final diagnosis and the designation ‘idiopathic’means
that no aetiology has been identified. We accept that the term ISS
will continue to be used. The FDA licence for rhGH therapy in
ISS increases the temptation for clinicians to use this label in
order to prescribe rhGH either as short-term or long-term
therapy. Doses of rhGH higher than those recommended by
the FDA and EMA must not be used as this would increase the
risk of adverse effects of supranormal IGF-I levels and possible
non-growth related effects such as acromegaloid features (11).

However, this approach can be both psychologically
damaging when an over-optimistic height prognosis is
predicted to rhGH therapy and counter-productive when a
pathogenesis supporting alternative therapy such as rhIGF-I
would be more effective. The challenge for a clinician who is
presented with a patient with short stature, who has normal GH
secretion, but deserves rhGH therapy because of significant short
stature, revolves around decisions of whether to treat with rhGH
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doses appropriate for GH deficiency or to use higher doses
advised for ISS. Alternatively, should rhIGF-I be prescribed
based on evidence of GH resistance?

Treatment with rhGH is usually taken as the ‘safest choice’,
but may not be the best choice if the diagnosed defect is situated
in a position on the continuum model GH responsiveness scale
which suggests that rhGH therapy is unlikely to be beneficial
(Figure 1). Clinicians have been hesitant to prescribe rhIGF-I as
first choice in this situation. Published data on the effect of
rhIGF-I in ISS subjects are extremely rare. WE would
recommend that rhIGF-I is given for specific disorders where
the origin and nature of the Gh resistance has been clearly
demonstrated. However, if serum IGF-I is consistently low and
GH secretion is normal, a diagnosis of GH resistance can be
made and first-line therapy with rhIGF-I is indicated, which can
be beneficial in the long-term (45).

A case in point is the molecular disorder of PAPP-A2
mutations. Affected children have mild short stature with
subtle dysmorphic features. If labelled as ISS, rhGH therapy
might well be prescribed. In fact, identifying and understanding
the correct pathogenesis will lead to therapy with rhIGF-I, as the
mutation results in deficiency of free IGF-I, and positive
responses to rhIGF-I therapy have now been reported (48, 49).
The same argument applies to mild GHR mutations, where
responses to rhIGF-I have also been documented (3, 34), in
contrast to lack of evidence of responses to rhGH. Genetic
identification of IGFIR defects can be compared to published
experience of rhGH therapy in such patients (31) rather than to
non-specific responses to rhGH in idiopathic SGA subjects.
CONCLUSIONS

We have described how the term ‘idiopathic short stature’ was
created, then adopted and is likely to continue to be used.
Investigation of children with short stature should in our
opinion follow three simultaneous lines of approach, clinical
assessment, endocrine evaluation and genetic analysis. These
three components should have equal status in the hierarchy of
the investigational tree. This comprehensive diagnostic approach
in children with short stature and normal GH secretion can give
a relatively high positive diagnostic yield (50). The identification
of GH resistance in a child who would otherwise be labelled as
having ISS, immediately removes the patient from the ISS
category and treatment can be approached on an individual
basis. If rhGH is to be used for the treatment of ISS, a high dose
of rhGH ~50 mg/kg/day should be used and if no growth
acceleration is seen after one year, the treatment should be
discontinued and alternative therapy considered (12).
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30. Işık E, Haliloglu B, van Doorn J, Demirbilek H, Scheltinga SA, Losekoot M,
et al. Clinical and Biochemical Characteristics and Bone Mineral Density of
Homozygous, Compound Heterozygous and Heterozygous Carriers of Three
NovelMutations. Eur J Endocrinol (2017) 176:657–67. doi: 10.1530/EJE-16-
0999

31. Walenkamp MJE, Robers JML, Wit JM, Zandwijken GRJ, van Duyvenvoorde
HA, Oostdijk W, et al. Phenotypic Features and Response to GH Treatment of
Patients With a Molecular Defect of the IGF-I Receptor. J Clin Endocrinol
Metab (2019) 104:3157–71. doi: 10.1210/jc.2018-02065

32. Vairamani K, Merjaneh L, Casano-Sancho P, Sanli ME, David A, Metherell
LA, et al. Novel Dominant-Negative GH Receptor Mutations Expands the
Spectrum of GHI and IGF-I Deficiency. J Endocr Soc (2017) 1:345–58.
doi: 10.1210/js.2016-1119

33. Metherell LA, Akker SA, Munroe PB, Rose SJ, Caulfield M, Savage MO, et al.
Pseudoexon Activation as a Novel Mechanism for Disease Resulting in
Atypical Growth-Hormone Insensitivity. Am J Hum Genet (2001) 69:641–6.
doi: 10.1086/323266

34. Chatterjee S, Shapiro L, Rose SJ, Mushtaq T, Clayton PE, Ten SB, et al.
Phenotypic Spectrum and Responses to Recombinant Human IGF-I
(rhIGF-I) Therapy in Patients With Homozygous Intronic Pseudoexon
Growth Hormone Receptor Mutations. Eur J Endocrinol (2018) 178:481–9.
doi: 10.1530/EJE-18-0042

35. Chatterjee S, Cottrell E, Rose SJ, Mushtaq T, Maharaj AV, Williams J, et al.
Growth Hormone Receptor (GHR) Gene Transcript Heterogeneity may
Explain Phenotypic Variability in Patients With Homozygous GHR
Pseudoexon (6Y) Mutation. Endocr Conn (2020) 9:211–22. doi: 10.1530/
EC-20-0026

36. Hintz RL. The Importance of the National Cooperative Growth Study
(NCGS). In: Carel J-C, editor. Deciphering Growth. Berlin Heidelberg:
Springer-Verlag (2005). p. 131–41.

37. Hintz RL, Attie KM, Baptista J, Roche A. Effect of Growth Hormone
Treatment on Adult Height of Children With Idiopathic Short Stature.
N Eng J Med (1999) 340:502–7. doi: 10.1056/NEJM199902183400702

38. Leschek EW, Rose SR, Yanovski JA, Troendle JF, Quigley CA, Chipman JJ,
et al. National Institute of Child Health and Human Development-Eli Lilly &
Co. Growth Hormone Collaborative Group. J Clin Endocrinol Metab (2004)
89:3140–8. doi: 10.1210/jc.2003-031457

39. Cohen P. Controversy in Clinical Endocrinology: Problems With
Reclassification of Insulin-Like Growth Factor I Production and Action
December 2021 | Volume 12 | Article 781044

https://doi.org/10.1530/EC-20-0585
https://doi.org/10.1530/EC-20-0585
https://doi.org/10.1210/er.2010-0023
https://doi.org/10.1210/er.2018-00146
https://doi.org/10.1016/s0022-3476(67)80197-5
https://doi.org/10.1038/281544a0
https://doi.org/10.1056/NEJM198107163050302
https://doi.org/10.1056/NEJM198310273091703
https://doi.org/10.1056/NEJM198310273091703
https://doi.org/10.1056/NEJM198408303110925
https://doi.org/10.1159/000184851
https://doi.org/10.1016/j.ghir.2007.11.004
https://doi.org/10.1016/j.ghir.2007.11.003
https://doi.org/10.1210/jc.2008-0509
https://doi.org/10.1159/000069321
https://doi.org/10.1210/jc.2019-00019
https://doi.org/10.1111/j.1365-2265.2009.03775
https://doi.org/10.1093/hmg/ddy271
https://doi.org/10.1038/nrendo.2015.165
https://doi.org/10.1530/EC-18-0099
https://doi.org/10.1530/EC-18-0099
https://doi.org/10.1210/jc.2007-0526
https://doi.org/10.1016/j.ghir.2005,06.011
https://doi.org/10.1210/jc.2007-0204
https://doi.org/10.1210/jc.2007-0204
https://doi.org/10.1210/jcem.86.11.8019
https://doi.org/10.1159/000074038
https://doi.org/10.4008/jcrpe.v1i3.53
https://doi.org/10.1210/jcem.86.9.7850
https://doi.org/10.1038/s41467-018-04521-0
https://doi.org/10.15252/emmm.201506106
https://doi.org/10.1530/EJE-16-0999
https://doi.org/10.1530/EJE-16-0999
https://doi.org/10.1210/jc.2018-02065
https://doi.org/10.1210/js.2016-1119
https://doi.org/10.1086/323266
https://doi.org/10.1530/EJE-18-0042
https://doi.org/10.1530/EC-20-0026
https://doi.org/10.1530/EC-20-0026
https://doi.org/10.1056/NEJM199902183400702
https://doi.org/10.1210/jc.2003-031457
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles


Savage and Storr GH Resistance in Idiopathic Short Stature
Disorders. J Clin Endocrinol Metab (2006) 91:4235–6. doi: 10.1210/jc.2006-
1641

40. Swatz Topor L, Feldman HA, Bauchner H, Cohen L. Variation in Methods of
Predicting Adult Height for ChildrenWith Idiopathic Short Stature. Pediatrics
(2010) 126:937–44. doi: 10.1542/peds.2009-3649

41. Ranke MB, Wit JM. Growth Hormone - Past, Present and Future. Nat Rev
Endocrinol (2018) 14:285–300. doi: 10.1038/nrendo.2018.22

42. Ranke MB, Lindberg A, Price DA, Darendeliler F, Albertsson-Wikland K,
Wilton P, et al. KIGS International Board. Age at Growth Hormone Therapy
Start and First-Year Responsiveness to Growth Hormone Are Major
Determinants of Height Outcome in Idiopathic Short Stature. Horm Res
(2007) 68:53–62. doi: 10.1159/000098707

43. Kaplowitz PB, Shulman DI, Frane JW, Jacobs J, Lippe B. Characteristics of
Children With Best and Poorest First- and Second-Year Growth During
rhGH Therapy: Data From 25years of the Genentech National Cooperative
Growth Study (NCGS). Int J Pediatr Endocrinol (2013) 9:2013–9.
doi: 10.1186/1687-9856-2013-9

44. Sävendahl L, Polak M, Backeljauw P, Blair J, Miller BS, Rohrer TR, et al.
Treatment of Children With GH in the United States and Europe: Long-Term
Follow-Up From NordiNet® IOS and ANSWER Program. J Clin Endocrinol
Metab (2019) 104:4730–42. doi: 10.1210/jc.2019-00775

45. Grimberg A, Allen DB. Growth Hormone Treatment for Growth Hormone
Deficiency and Idiopathic Short Stature: New Guidelines Shaped by the
Presence and Absence of Evidence. Curr Opin Pediatr (2017) 29:466–71.
doi: 10.1097/MOP.0000000000000505

46. International Classification of Pediatric Endocrine Diagnoses (2016). Available
at: www.icped.org.

47. Deodati A, Cianfarani S. Impact of Growth Hormone Therapy on Adult
Height of Children With Idiopathic Short Stature: Systematic Review. Br Med
J (2011) 342:c7157. doi: 10.1136/bmj.c7157
Frontiers in Endocrinology | www.frontiersin.org 814
48. Cabrera-Salcedo C, Mizuno T, Tyzinski L, Andrew M, Vinks AA, Frystyk J,
et al. Pharmacokinetics of IGF-I in PAPP-A2-Deficient Patients, Growth
Response, and Effects on Glucose and Bone Density. J Clin Endocrinol Metab
(2017) 102:4568–77. doi: 10.1210/jc.2017-01411

49. Muñoz-Calvo MT, Barrios V, Pozo J, Chowen JA, Martos-Moreno GÁ,
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Should Skeletal Maturation Be
Manipulated for Extra Height Gain?
Jan M. Wit*

Division of Pediatric Endocrinology, Department of Pediatrics, Willem-Alexander Children’s Hospital, Leiden University
Medical Center, Leiden, Netherlands

Skeletal maturation can be delayed by reducing the exposure to estrogens, either by
halting pubertal development through administering a GnRH analogue (GnRHa), or by
blocking the conversion of androgens to estrogens through an aromatase inhibitor (AI).
These agents have been investigated in children with growth disorders (off-label), either
alone or in combination with recombinant human growth hormone (rhGH). GnRHa is
effective in attaining a normal adult height (AH) in the treatment of children with central
precocious puberty, but its effect in short children with normal timing of puberty is
equivocal. If rhGH-treated children with growth hormone deficiency or those who were
born small-for-gestational age are still short at pubertal onset, co-treatment with a GnRHa
for 2-3 years increases AH. A similar effect was seen by adding rhGH to GnRHa treatment
of children with central precocious puberty with a poor AH prediction and by adding rhGH
plus GnRHa to children with congenital adrenal hyperplasia with a poor predicted adult
height on conventional treatment with gluco- and mineralocorticoids. In girls with
idiopathic short stature and relatively early puberty, rhGH plus GnRHa increases AH.
Administration of letrozole to boys with constitutional delay of growth puberty may
increase AH, and rhGH plus anastrozole may increase AH in boys with growth
hormone deficiency or idiopathic short stature, but the lack of data on attained AH and
potential selective loss-of-follow-up in several studies precludes firm conclusions.
GnRHas appear to have a good overall safety profile, while for aromatase inhibitors
conflicting data have been reported.

Keywords: growth, skeletal maturation, bone age, adult height, aromatase inhibitors, GnRH analogue, growth
hormone, predicted adult height
1 INTRODUCTION

There are three therapeutic approaches to increase adult height (AH) for a child with a growth disorder.
First, recombinant human growth hormone (rhGH) has been approved for several causes of short
stature in children, and in most conditions this treatment (if initiated at a young age) results in an AH
within the genetic target height range of the patient. Second, experiments of nature have suggested that
keeping the estrogen exposure low in adolescence might delay skeletal maturation and increase AH,
which has led to clinical studies on the efficacy and safety of two forms of medication aimed at reducing
estrogen exposure, i.e. gonadotropin-releasing hormone (GnRH) analogues (GnRHas) and aromatase
inhibitors (AIs). Third, also the combination of rhGH and a GnRHa or AI has been investigated,
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Wit Manipulation of Skeletal Maturation
particularly if the child’s height is still low at onset of puberty. This
approach is based on the hypothesis that decreasing estrogen
exposure slows skeletal maturation and thereby prolongs the time
during which rhGH can stimulate linear growth, and thus results in
increased AH. In the present paper I review the available clinical
data of the second and third approaches.

Multiple “expert opinions” have been published on this topic
[e.g. (1–4) in the last 5 years], including two from our own group
(5, 6). The appearance of many reports in the literature
describing the effect of GnRHas or AIs in patients with various
forms of growth failure, suggests that these compounds are
widely used, despite their uncertain efficacy and safety profile,
as well as their off-label status for these indications.

One could wonder why one would spend time to produce yet
one more “expert opinion” on this topic, while in virtually all
classifications of the levels of evidence (7) the expert opinion is
considered to be in the lowest grade of scientific value. The
answer is threefold. First, I believe that the cumulative
observations of published reports (mainly offering a low grade
of evidence when assessed separately) on the use of GnRHas for
different specific conditions may still lead to general conclusions
on their efficacy in growth disorders. This implies that a detailed
analysis of strengths and weaknesses of all published data is
warranted, followed by a general assessment. Second, it is
unlikely that large randomized controlled trials (RCTs)
continuing until AH will ever be carried out on these
interventions in the various growth conditions, so that I fear
that for the next decade the level of evidence will remain as low as
it currently is. This implies that it is worthwhile to make an effort
to extract as much as possible information from the available
reports. Third, I believe that it is important to not only assess the
results of formal prospective or retrospective clinical trials, but
also observations on “experiments of nature” as well as
laboratory data and proxy endpoints that provide supportive
evidence that a low estrogen concentration (alone or in
combination with a growth promoting agent) is associated
with delayed skeletal maturation and increased AH. The
complex regulation system of longitudinal growth in the
epiphyseal growth plate is influenced by multiple endocrine,
paracrine, autocrine and intracrine factors (8), but there is no
doubt that the major factor influencing the maturation
(“senescence”) of the growth plate is the exposure to
circulating and intracellular estrogen (9).
Abbreviations: AH, adult height; AIs, aromatase inhibitors; BA, bone age; BMC,
bone mineral content; BMD, bone mineral density; BMI, body mass index; CA,
chronological age; CAH, congenital adrenal hyperplasia; CCTs, clinical controlled
trials; CDGP, Constitutional delay of growth and puberty; CPP, central precocious
puberty; GH, growth hormone; GHD, growth hormone deficiency; GnRH,
Gonadotropin Releasing Hormone (GnRH); GnRHa, Gonadotropin Releasing
Hormone (GnRH) analogue; HRQoL, Health-related Quality of Life; ISS,
idiopathic short stature; NAH, near-adult height; PAH, predicted adult height;
LT4, Levothyroxine; RCT, randomized controlled trial; rhGH, recombinant
human growth hormone; SDS, standard deviation score; SGA, small for
gestational age, also used for a short child born small for gestational age; TH,
target height.
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Indeed, there are many clinical observations supporting the
concept that AH is dependent of the timing and level of
circulating estrogens. Untreated children with central precocious
puberty (CPP) reach a considerably decreased AH, which can be
normalized by timely treatment with a GnRHa (10, 11). At the other
end of the spectrum, individuals with decreased circulating
estrogens (for example due to hypogonadism) show an extended
period of linear growth, resulting in relatively tall stature, even if
they are growth hormone deficient (GHD) (12, 13). Proof that
estrogen is the primary factor responsible for closure of the
epiphyseal growth plates was delivered by the observation that
the growth plates of a man with a defect of the gene encoding the
estrogen alpha receptor never closed, resulting in tall adult stature
(and osteoporosis) (14). Further confirmation was provided by
observations that men with aromatase deficiency demonstrated a
similar growth pattern, except that growth could be stopped by
administering estrogen medication (15). Additional support of the
positive effect of postponing exposure to estrogens is provided by
the observation that a late start of estrogen substitution in girls with
Turner syndrome increases AH (16), although such delay is
generally not advised for psychosocial reasons.

The dose-response relationship between estrogen and short
term growth, already investigated several decades ago, shows a
biphasic curve, with optimal growth occurring at a low estrogen
dose (17–20). This was confirmed by the observation that adding
low dose estrogen to rhGH treatment increased growth in young
girls with Turner syndrome, although the effect was small (21).
At the other side of the spectrum, supraphysiological dosages of
exogenous estrogens administered to tall female adolescents
inhibit growth of the extremities and decrease AH [but please
note that this therapeutic approach has become outdated by
potential negative long-term effects on fertility (22, 23)]. A
consequence of the apparent biphasic dose-response curve is
that complete suppression of estrogen exposure may be less
beneficial for growth than partial suppression. A recent study
showed indeed that a threshold level of estrogen of 10 pmol/L
appeared to be needed for an optimal growth rate corresponding
to a normal male pubertal growth spurt (24). I shall come back to
this issue in paragraph 3, where the use of AIs is discussed.

For each of the referred papers on efficacy reviewed in this paper,
I graded the level of evidence (LoE) of studies in a similar fashion as
described by the International Consortium on the use of
Gonadotropin-Releasing Hormone Analogs in Children (11)
(from now on referred to as “International Consortium”) using 5
levels: LoE 1 (homogenous randomized controlled trials), 2 (meta-
analyses or heterogeneous prospective trials), 3 (case-control studies
and retrospective cohorts), 4 (uncontrolled cohort and case studies)
or 5 (expert opinions, case reports, and personal observations) (7).
2 THE EFFECT AND SAFETY OF A GnRH
ANALOGUE IN CHILDREN WITH A LOW
PREDICTED ADULT HEIGHT

On the use of GnRHas in pediatrics, two international
conferences have been held. The first was convened in 2007 by
December 2021 | Volume 12 | Article 812196
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the Pediatric Endocrine Society (PES) from the USA and the
European Society for Pediatric Endocrinology (ESPE). The US
Public Health grading system (25) was used to grade the evidence
and strength of the recommendations, and the participants
aimed to adhere to modified appraisal of guidelines research
and evaluation (AGREE) criteria (26). The resulting Consensus
Statement stated that the efficacy of GnRHas for increasing AH
in conditions other than CPP “requires additional investigation
and cannot be suggested routinely” (10).

Recently, a second conference was organized by a large
number of pediatric endocrine societies (International
Consortium) (11), which also included a large section on the
use of GnRHas in adolescents with gender dysphoria. The
participants aimed to “concisely address topics related to
changes in GnRHa usage during childhood and adolescence
since the previous consensus statement” and the authors stated
that the resulting publication “is not a consensus statement and
hence has not been endorsed by any of the societies that
designated participating authors.” For the purpose of the
present review paper, the section on “use of GnRHa in other
conditions” is most relevant, and will be discussed in paragraphs
2.2.1 to 2.2.3.

2.1 The Effect of a GnRH Analogue Alone
Treatment with a GnRHa as single treatment is usually effective
for children with CPP to reach a normal AH (10, 11). The
positive results of GnRHa treatment in CPP triggered several
investigators to study the effect of GnRHa on AH in short
children with relatively early puberty, albeit still within the
population reference range. There are two reports of a small
positive effect of a GnRHa in such cases. The only placebo-
controlled RCT on the effect of a GnRHa on AH was carried out
in 24 children with idiopathic short stature (ISS) and 26 with
many different diagnoses. Fourteen of them also received rhGH.
The authors reported that GnRHa treatment markedly slowed
down further BA progression and significantly increased AH by
a mean of 0.6 SD, as compared with PAH at baseline. This effect
was independent of sex, the presence or absence of concomitant
rhGH, and the presence or absence of a growth-limiting
syndrome (27) (LoE 1).

A similar effect was suggested in a recent retrospective cohort
study, but only for females (28) (LoE 3). In contrast, four other
studies (29–32) (LoE 3) showed no effect. As discussed
previously (6), and in line with the International Consortium’s
opinion (11), my opinion remains that there is insufficient
evidence that GnRHa alone increases AH, except for children
with CPP.

In order to compensate for the very low height velocity that is
often observed during GnRHa treatment in patients with CPP,
three approaches have been investigated. First, the combination
of GnRHa plus a mini-dose of estrogen was compared with
GnRHa alone in patients with CPP in a two year pilot study (33).
The results suggested that the low height velocity on GnRHa can
be prevented by low-dose estrogen without undue acceleration of
bone age (LoE 2), but long-term results have not been reported.
Second, the combination of a GnRHa with an anabolic steroid
was investigated in two studies with an apparently positive effect
Frontiers in Endocrinology | www.frontiersin.org 317
on AH compared with matched controls (34, 35) (LoE 3), but
since then no more data have been presented. Third, rhGH can
be added, which will be discussed in paragraph 2.2.5

There are a number of growth disorders in which predicted adult
height (PAH) can be low on conventional disease-specific treatment,
whichmotivated studies on the value of adding a GnRHa. Results of
this strategy are discussed in the following paragraphs.

2.1.1 Hypothyroidism
In a retrospective chart review, height outcome and body mass
index (BMI) were analyzed in children with severe longstanding
hypothyroidism and bone age (BA) delay treated with LT4 alone
or with LT4 plus GnRHa (36). Six GnRHa-treated patients and
seventeen controls were followed to AH. At diagnosis, GnRHa-
treated patients were older and shorter for chronological age, and
more advanced in puberty and BA compared to controls on LT4
alone. Despite these baseline differences (which would predict a
lower AH for the experimental group), both groups showed
similar improvements in height standard deviation score (SDS),
similar height deficits and comparable AH, which was
interpreted as a positive therapeutic effect (LoE 3). Changes in
BMI SDS were similar for both groups (36).

2.1.2 Laron Syndrome
Children with GH insensitivity syndrome (Laron syndrome)
treated with recombinant human IGF-I show a modest growth
acceleration, but AH is usually still below the population range.
A few reports [e.g (37, 38)] suggested that adding a GnRHa may
increase AH if started at the onset of puberty (LoE 4), but
controlled studies have not been reported.

2.2 The Effect of a GnRH Analogue in
Combination With Recombinant Human
Growth Hormone
Information on efficacy and safety of GnRHa plus rhGH is
available for the following conditions: 1) growth hormone
deficiency (GHD); 2) short stature after being born small for
gestational age (SGA); 3) ISS; 4) haploinsufficiency of SHOX,
NPR2 or ACAN; 5) CPP; 6) congenital adrenal hyperplasia
(CAH); and 7) hypothyroidism. For the first two conditions
and SHOX haploinsufficiency rhGH treatment is approved in
most parts of the world, and for ISS it is registered in the USA
and some other countries. For all other conditions reviewed here,
the use of rhGH is off label. GnRHa treatment is off-label for all
pediatric conditions except CPP.

2.2.1 GH-Deficient Children
The most logical group of GH deficient children who may benefit
from the addition of a GnRHa are children who develop CPP
before or during rhGH treatment, for example children who had
undergone treatment of malignancies (39–42) (LoE 2). The
recent conference report stated that adding a GnRHa leads to
increased PAH and AH in such cases (11).

A second class of GH deficient children in whom co-
medication with a GnRHa can be considered are those who
have not reached full catch-up growth at the onset of puberty
(11). Longitudinal data on height in rhGH-treated children with
December 2021 | Volume 12 | Article 812196
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GHD have shown that height SDS at the onset of puberty is
similar to AH SDS (43, 44). This implies that a low height SDS at
pubertal onset, even if this is normally timed, likely leads to a low
AH SDS. This was the reason that a prospective RCT was carried
out in Santiago (Chile) in collaboration with the National
Institutes of Health (Bethesda, USA) to compare near-adult
height (NAH) of treatment-naïve GHD patients (in Tanner
stage II-III, females premenarcheal) treated with either rhGH
plus GnRHa (experimental group, n=7) or rhGH alone (controls,
n=10) (45). rhGH was administered until patients reached NAH,
and the GnRHa was given for 3 years. BA advancement was
significantly different between groups in the 3 year interval (1.5 ±
0.2 “years” on rhGH plus GnRHa versus 4.2 ± 0.5 on rhGH
alone), and NAHwas-1.3 ± 0.5 versus -2.7 ± 0.3 SDS, respectively
(LoE 1). The difference in NAH was close to 10 cm. While I agree
with the authors’ conclusion that these results indicate that
delaying puberty with a GnRHa in GHD children during
treatment with rhGH increases AH, I wish to call the readers’
attention to the fact that the patients in this study were quite
different from the usual GHD patient in countries where rhGH is
approved and reimbursed for this indication. These severely GH-
deficient patients entered into the study at a remarkably late
mean age of 14.3 years, BA of 11.3 years, height of -4.3 SDS, and
PAH of -3.1 SDS. They are therefore not representative for the
majority of GHD patients in whom rhGH is typically started
within the first decade of life with less severe growth delay.

One year later our group reported on a retrospective analysis
of the effect of the addition of GnRHa (started shortly after the
onset of puberty) to rhGH treatment in children with GHD and a
low height SDS [mean (SD) -3.0 (1.5)] at onset of puberty (43).
Matched controls with rhGH treatment only were used for
comparison. The children were younger (mean age 8.9 years),
equally short at start of rhGH treatment, but less short at the start
of GnRHa compared with the subjects in the Chilean RCT (45).
The effect of GnRHa addition on AH [in terms of AH minus
target height (TH) SDS] was estimated at 1.2 SDS (approximately
8.5 cm) (LoE 3), so similar to the results of the RCT. We later
described an even more impressive height gain of 25-30 cm as a
result of the addition of a GnRHa in two siblings with severe
GHD due to a homozygous GHRHR defect who moved to the
Netherlands at mid-puberty and started rhGH plus GnRHa
treatment at that time (46) (LoE 4).

In the International Consortium’s report it was concluded
that “the addition of a GnRHa to GH at the onset of puberty and
treatment for at least 2 years resulted in gains of AH ranging
from 6 to 9 cm (∼1–1.5 SD)”, in line with my conclusion. This
observation is also compatible with the observations in patients
with undiagnosed or untreated combined deficiency of GH and
gonadotropic hormones, who can reach a normal height or even
turn “from dwarfs to giants” (12, 13).

Regarding safety of this approach, there is a theoretical risk of
decreased bone mineral content (BMC) of 2-3 years of GnRHa.
This was investigated in the Chilean RCT (45) and in fact
patients treated with rhGH plus GnRHa had a significantly
lower BMC after 3 years of therapy. This difference, however,
did not persist after both groups of patients reached NAH (47).
Another potential adverse event is disproportionate growth
Frontiers in Endocrinology | www.frontiersin.org 418
(potentially leading to a eunuchoid shape), but this was not
observed in the RCT (45). The psychological profiles of the
patients who participated in this study showed that their first
priority was to increase linear growth, whereas pubertal
progression was felt to be of lesser importance, particularly for
boys (45).

2.2.2 Short Children Born Small for Gestational Age
Pubertal height gain is often less than expected in children born
SGA, as a result of an earlier onset of puberty, an earlier peak
height velocity, and accelerated bone maturation (11, 48, 49).
Therefore, theoretically, it would make sense to add a GnRHa if
height SDS is low at pubertal onset in order to increase AH. The
results of three studies are in favor of this hypothesis [reviewed
in (50)].

First, in a clinical trial on rhGH-treated short early pubertal
children born SGA, patients were randomized into 2 groups
(rhGH dosage of 1 or 2 mg/m2.day). Children with a height
below 140 cm (-2.5 SDS in the Netherlands) at pubertal onset
received GnRHa co-treatment for 2 years, and their growth was
compared with that of children with a height above 140 cm at
pubertal onset receiving rhGH only. In children treated with
rhGH plus GnRHa, the total height gain on GH treatment in
both dosage groups (34.5 cm and girls 24.2 cm for boys and girls,
respectively) was larger than expected for the general population,
in spite of a shorter pubertal duration after discontinuation of
GnRHa (51, 52) (LoE 2). As a result, AH of these rhGH plus
GnRHa treated children was similar to AH of rhGH-treated
children who were >140 cm at pubertal onset, which would not
have been expected without GnRHa co-medication. Extensive
studies on this cohort during and up to 5 years after cessation of
rhGH regarding body composition, metabolic profile, bone
health, cognition, self-perception, behavior and Health-related
Quality of Life (HRQoL) showed no adverse effects of the
addition of the GnRH analogue (53–57). It is noteworthy that
the initially proposed research design (an RCT on the addition of
GnRHa) was turned down by the medical ethics committee,
because it was expected that adding a GnRHa would have a
positive effect on AH.

Second, the combination of rhGH plus GnRHa versus
untreated controls for 3 years in short children born SGA or
with a normal birth weight (idiopathic short stature, ISS) showed
a positive effect on AH in an RCT, but only in girls (58) (LoE 1).
Third, a French retrospective study (59) showed that after 4.6 ±
2.8 years of rhGH treatment, height SDS of short children born
SGA increased from -2.2 ± 0.9 to -1.5 ± 0.9, and that in a
multivariate analysis, the use of a GnRHa therapy for at least 2
years was one of the eight predictive factors (estimated effect 0.4
SD) (59) (LoE 3). The only report suggesting that adding a
GnRHa to rhGH treatment had no positive effect on AH was
based on a retrospective analysis (60) of non-standardized
GnRHa treatment in 16 of 37 patients with Silver-Russell
syndrome (LoE 4) (61).

My interpretation of the available data goes a step further
than the one taken by the International Consortium (“it is
appropriate to consider the potential advantages and
disadvantages of treatment with GH and GnRHa in this
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population”) and contrasts with a recent opposite view (62). I
believe that there is sufficient evidence that co-treatment with a
GnRHa for 2-3 years does increase AH in rhGH treated short
SGA-born children if height SDS is <-2.5 at pubertal onset.

2.2.3 Idiopathic Short Stature
Unlike the previous two conditions, ISS is not an approved
indication for rhGH in most parts of the world (except the USA
and a few other countries), although reports on post-marketing
databases suggest that it has been widely prescribed off label in
other countries as well (63). Several studies have been performed
on the potential efficacy of the combination of rhGH plus
GnRHa in ISS, which can be divided into five sets.

First, there are four reports without follow-up till AH, in
which the change in PAH was used as outcome marker for
efficacy (64–67). These reports will not further be discussed due
to the unavailability of attained AH. The second set contains two
uncontrolled studies (68, 69). The third set comprises two
controlled studies on a short course of rhGH plus GnRHa (58,
70). Set 4 contains two studies comparing the effect of the
combination treatment with that of rhGH alone (71, 72). Set 5
is the retrospective Israeli study in prepubertal and pubertal
children on the effect of a GnRHa in addition to long-term rhGH
Frontiers in Endocrinology | www.frontiersin.org 519
treatment (73). Relevant clinical data from the studies in sets 2-5
are presented in Table 1.

The two uncontrolled studies in set 2 (LoE 4) presented
contradictory results. The Italian study (68) showed no positive
effect, while the authors of the Chinese study (69) concluded that
GnRHa/rhGH therapy can effectively improve AH SDS up to
TH SDS.

Similarly, the results of the two studies in set 3 were
contradictory. The small prospective Venezuelan study compared
the growth response to rhGH plus GnRHa with that of untreated
historical controls (LoE 3) and reported no difference (70). In
contrast, the RCT of our group in short children born with a low
or normal birth size (58) (LoE 1) showed a mean positive effect on
AH (5 cm), with a clear difference between sexes: mean (SD) AH-
TH was -3.3 (5.9) cm in the treated group versus -12.0 (5.3) cm in
untreated controls (p<0.05) in girls, compared with -11.8 (6.5)
versus -9.7 (6.9) cm in boys (NS). It is noteworthy that of the PAH
increase of 9.3 cm between start and discontinuation of treatment,
almost 50% was “lost” between the end of medication and AH. In
this study, no long-term negative or positive psychosocial
consequences were observed (74), bone mineral density (BMD)
did not change significantly, and the effect appeared similar for ISS
and SGA (58).
TABLE 1 | Results of studies on the efficacy of rhGH plus GnRHa on adult height in children with idiopathic short stature.

Design Uncontrolled studies Short combo vs no treatment Combo vs rhGH alone Adding GnRHa to rhGH
treatment

Ref (68) (69) (70) (58) (71) (72) (73)

Diagnosis ISS ISS ISS ISS+SGA
(RCT)

ISS ISS
(RCTdiscont1)

ISS prepub ISS pub

Duration
rhGH, y 2.3 2 2.5 3 4.6 2.4 7.8 vs 7.0M,

5.9 vs 5.6F
4.2 vs 3.1M,
3.7 vs 2.9F

GnRHa, y 2.3 2 2.5 3 4.6 2.4 2.0M, 1.8F 2.0M, 1.8F
Controls – – Hist, No R/ No R/ Hist, rhGH 4.9y rhGH, 2.4y rhGH rhGH
N, sex 10F 25M, 12F 10 vs 10

3M, 7F
17 vs 15
11M, 21F

12 vs 12 F 19 vs 23M
26 vs 20F

12 vs 62M
19 vs 33F

8 vs 28M
19 vs 11F

Age, y 11.6 13.8M
12.6F

11.8 vs 11.4 11.6 vs 11.8 10.2 vs 10.7 12.1 vs 12.1 8.3 vs 9.4M
9.1 vs 9.0F

12.9 vs 14.3M
11.3 vs 12.7F

HSDS0 -2.7 -2.8M
-3.1F

-2.4 vs -2.3 -2.4 vs -2.5 – -2.5 vs -2.5 -2.4 vs -2.6M
-2.7 vs -2.7F

-2.3 vs -2.7M
-2.1 vs -2.7F

DPAH 3.0 (1y)
cm

0.7 vs -0.6 cm 9.3 vs 1.2 cm 10.5 vs 7.9
cm

AH -2.8 SDS -1.8M
-0.3F

151.7 vs 150.3
cm

-2.0 vs-2.3
SDS

156.3 vs 146.3
cm

-1.9 vs -1.8 SDS1 -0.5 vs -0.8M
-0.7 vs -0.7F

SDS

-0.5 vs -0.7M
-1.1 vs -1.1F

AH-HSDS0 -0.1 2.0M
2.7F

0.5 vs 0.3 – 1.9 vs 1.8M
2.0 vs 1.9F

1.8 vs 2.0M
1.6 vs 1.1F

AH-PAH, cm 1.4 5.3M
12.8F

1.0 vs -1.5 4.4 vs -0.5 10.0 vs 6.1 8.4 vs 6.3M
11.9 vs 12.7F

7.6 vs 4.7M
9.5 vs 7.2F

AH-TH -3.0 cm -0.1 SDS
M

0.5 SDS F

-10.0 vs
-9.6 cm

-6.0 vs
-11.2 cm

3.6 vs -4.1 cm 0.6 vs 0.3M
0.2 vs 0.1F

SDS

0.1 vs 0.1M
0.3 vs -0.0F

SDS
Total pubertal height gain,
cm

34.4 vs 26.8M
27.5 vs 18.7F

35.8 vs 29.0M
25.7 vs 21.9F
December 20
21 | Volume 12
1Trial was abrupted after 2.4 years, thus severe loss to follow-up. NAH was reported on a small sample only.
AH, adult height; Combo, combination; discont, discontinued; F, females; HSDS0, height SDS at start of treatment; hist, historical; ISS, idiopathic short stature; M, males; PAH, predicted
adult height; R/, treatment; RCT, randomized controlled trial; SGA, small for gestational age; TH, target height; vs, versus; y, year.
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In set 4, the effect of rhGH plus GnRHa for a relatively long
period (4.6 years) was compared with that of rhGH-treated
matched controls in girls (71). The result was impressive (AH
156.3 ± 5.9 vs. 146.3 ± 5.0 cm, so 10 cm difference). The large
RCT comparing the combination treatment with rhGH alone
(72) was unfortunately aborted at the request of the French
regulatory authorities (LoE 2). NAH was only reported on 35 of
the included 91 children, which did not show a difference
between treatment regimens. Bone fractures occurred more
frequently in the GH plus leuprorelin group than in the GH
alone group (seven versus 3, respectively), but no bone fractures
were reported during the safety follow-up period.

Finally (set 5), the effect of adding GnRHa in puberty was
investigated in a retrospective analysis on 58 out of 192 children
who either started rhGH treatment before (n=31) or during
puberty (n=27) (73). The authors concluded that combined
rhGH/GnRHa therapy increased AH outcome, and that this
effect was more pronounced in the prepubertal group and in
girls. The mean effect on total pubertal growth was 8-9 cm
(LoE 3).

Though strictly speaking short, adopted girls should not be
labeled ISS, I also mention in this paragraph two studies on
adopted girls showing an estimated mean height gain of 3-4 cm
on rhGH plus GnRHa versus GnRHa alone (LoE 1) (75, 76).

The general picture arising from these studies is that in
countries where rhGH can be prescribed for children with ISS,
clinicians can consider adding a GnRHa if puberty starts when
height SDS is still below the reference range at onset of puberty,
particularly in girls (58, 71, 73). A longer duration of GnRHa co-
medication than 3 years may have a larger effect on AH (71), but
its potentially negative psychosocial consequences should be
considered as well.

2.2.4 Haploinsufficiency of SHOX, NPR2, or ACAN
In children with haploinsufficiency of SHOX, NPR2 or ACAN,
the prepubertal growth rate is relatively well-preserved but
followed by a compromised pubertal growth spurt due to
premature growth plate fusion, so that height SDS decreases by
age (77–79). SHOX haploinsufficiency is a registered indication
for rhGH since 2006 (80), but this does not apply to the two
other genetic syndromes. The few anecdotal reports on the
administration of GnRHas as co-treatment to rhGH in
children with these genetic defects are reviewed in the
next paragraphs.

2.2.4.1 SHOX Haploinsufficiency
In a retrospective analysis of 10 children with SHOX
haploinsufficiency (77), five patients were followed without
treatment, and five were treated with rhGH (50 µg/kg.d) plus
GnRHa. Mean AH SDS minus height SDS at first evaluation was
significantly different between treated (+0.6) versus nontreated
(-1.2) patients (77) (LoE 4), but obviously the relative
contribution of the two components of this combined therapy
is unknown. In a Japanese paper two girls with SHOX
haploinsufficiency were treated with rhGH and a few years of
GnRHa, but the reported data do not allow for assessing the
contribution of GnRHa co-treatment (81) (LoE 4).
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2.2.4.2 NPR2 Haploinsufficiency
In a recent paper the data of 21 patients with heterozygous NPR2
variants who were treated with rhGH were summarized. In three
of them a GnRHa was added and in one case letrozole (82). The
first reported case (83) was treated with a GnRHa for 1.5 years
from 13.3 years onward and with rhGH (33 µg/kg.d) for 3.3 years
from the age of 13.8 years. Height SDS increased from -2.8 to -2.5
SDS and AH was 158 cm, similar to the heights of his affected
father and grandfather, suggesting no beneficial effect (LoE 4).

In the same paper (83), the results were reported of treatment
of rhGH (50 µg/kg.d) plus GnRHa in a 12.8 year old boy. Puberty
had started at 12.1 years, when he was 131 cm and had a PAH of
160 cm. After 2.7 years of treatment, GnRHa was discontinued.
He reached an AH of 164 cm, suggestive for an AH gain of 4 cm
(LoE 4).

Growth data of the third case (84), showed that treatment
with rhGH for 11.6 years and an unreported duration of GnRHa
led to a height SDS increase from -3.8 to -3.1 SDS (82) (LoE 4).
Taken together, rhGH plus GnRHa appears to have a modest
AH-augmenting effect, but the respective roles of rhGH and
GnRHa cannot be assessed in this condition.

2.2.4.3 ACAN Haploinsufficiency
Approximately 50% of children with ACAN haploinsufficiency
present with an accelerated BA (85) and mean height SDS
decreases by age (79), so clinicians have been tempted to
investigate the potential role of rhGH plus GnRHa to increase
AH. In a large international patient series, five children received
rhGH plus GnRHa, which indeed appeared to halt skeletal
maturation (79) (LoE 4). In a recent report on 6 novel cases
with heterozygous ACAN variants, the authors reviewed
previously published cases who were treated with rhGH with
(n=11) and without (n=10) a GnRHa or an AI (86) (LoE 4).
Unfortunately, no separate analysis was made for GnRHs and
AIs. No statistically significant differences were found in terms of
AH, but the presumably wide interindividual differences in age at
start of medication and other relevant clinical variables make it
difficult to interpret these findings. Specifically in patients with
ACAN haploinsufficiency, accelerated epiphyseal fusion during
pubertal years remains a worrisome clinical problem and studies
investigating add-on GnRHa or AI therapy in these patients
should be a priority.

2.2.5 Central Precocious Puberty Associated With a
Persistently Low Predicted Adult Height
While in most cases of CPP treatment with a GnRHa leads to an
increase of PAH and a normal AH (10), there are patients with
CPP in whom PAH remains low on GnRHa alone, usually
associated with a very low height velocity. The addition of
rhGH to GnRHa treatment in 10 girls for 2-3 years led to an
AH gain of 7.9 cm in comparison to 1.6 cm with GnRHa alone in
matched controls (87) (LoE 3). Longer follow-up in a larger
cohort showed a mean additional AH gain of 6 cm (88) (LoE 3).
Of note, rhGH has not been registered for this indication by any
of the drug regulatory agencies.

An observational study on rhGH plus GnRHa showed that
this treatment was associated with a height gain of 5.4 cm in 18
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girls with CPP, compared to 3.0 cm in 62 girls receiving the same
treatment but with normal onset of puberty (42) (LoE 4).

A meta-analysis of controlled studies in CPP with severely
decreased growth velocity during GnRHa therapy (89) reported
an increased AH in patients with GnRHa plus rhGH versus
GnRHa alone [+2.8 cm in four clinical controlled trials (CCTs)
and +4.3 cm in one RCT], as well as greater AH-TH (+3.9 cm in
the CCTs and +4.0 cm in the RCT) and greater AH-PAH (+3.5
cm in the CCTs and +3.9 cm in the RCT). Patients with a low
growth velocity or no improvement in PAH during GnRHa
benefitted most from the combination therapy (89) (LoE 2). A
systematic review and meta-analysis reported an increase of
PAH of 6.5 cm in CPP when treated with rhGH plus GnRHa,
especially in those starting treatment before 10 years old, or with
treatment lasting more than 12 months (90). Compared to
GnRHa alone, the combined treatment showed a 3.7 cm higher
PAH (LoE2). AH was not reported.

In a large retrospective analysis on girls with CPP or early and
rapidly progressive puberty (91), the effect on AH of GnRHa plus
rhGH treatment, GnRHa alone, or no treatment were compared.
Compared to no treatment, GnRHa alone yielded an AH gain of
1.5 cm and when combined with rhGH an additional 1.5 cm was
gained. Compared to TH, GnRHa alone showed an increase of
2.0 cm and combined with rhGH a total increase of 4.0 cm, while
controls reached their average TH. An AH-PAH of at least +5 cm
was reached in 60% of controls, 70% of GnRHa and 75% of those
with combination therapy, especially those with a more advanced
BA and low PAH. Lower percentages were seen when the TH-
AH endpoint was used (10%, 25% and 45%, respectively)
(LoE 3).

2.2.6 Congenital Adrenal Hyperplasia
In general, growth of children treated for CAH stays within the
population range if glucocorticoid dosage is minimized (to avoid
iatrogenic Cushing’s syndrome), mineralocorticoids are properly
dosed and supplemental sodium is given to infants (92). The
Endocrine Society Clinical Practice Guideline recommended
against routine use of experimental therapies to promote
growth and delay puberty (92). However, several retrospective
studies showed that mean AH of children treated for CAH is
approximately 1 SD below the population mean, probably due to
a combination of the condition itself and its treatment (93).

Several groups have tried to increase AH by adding rhGH plus
GnRHa (both off-label for this indication) to the conventional
treatment with hydrocortisone and fludrocortisone acetate. In a
study comparing 2 years of rhGH alone or rhGH plus GnRHa co-
treatment versus controls without such treatment, mean PAH
increased by 11 cm in both experimental groups combined and
closely approximated TH, while PAH did not change in controls.
There was no difference between the groups treated with rhGH
alone and those treated with the combination of rhGH with
GnRHa (94) (LoE 3).

In another study, rhGH plus GnRHa therapy was given for
4.2-4.4 years and results were compared with matched controls.
In the treatment group, AH SDS was 1 SD greater than both the
initial PAH SDS and AH SDS of the untreated group (95) (LoE
3). Six years later, in a nonrandomized prospective study, the
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same group reported 34 patients that were predicted to be more
than 2 SD below TH or the population mean at around 8 years
old, treated with either rhGH alone (n=7) or combined with
GnRHa in case of precocious or early puberty (n=27). AH was
9.2 ± 6.7 cm higher than initial PAH in males, and 10.5 ± 3.7 cm
in females (96) (LoE 3). There were no differences between the
two treatment options, although the rhGH alone group started
treatment at a later age. In subjects with poor adrenal control (all
males), the gain was only 4.0 ± 3.0 cm.

In a retrospective analysis (97), 13 patients were treated with
rhGH plus GnRHa. rhGH was given for 1.0-6.3 years and
GnRHa for 2.1.-6.2 years. On average, an increase of 2 SD in
height SDS for BA was noted in the first years after treatment,
which remained stable until NAH was reached (LoE 3). In
another study (98), 32 CAH patients with CPP were treated
with GnRHa (n=11), GnRHa plus letrozole (n=11), or no
additional treatment (n=10). Compared to no additional
treatment, only the GnRHa plus letrozole group had a higher
NAH (-1.3 vs -2.5 SDS) (LoE 3). A Chinese retrospective study
compared the effect of two regimens: rhGH plus GnRHa and
rhGH plus GnRHa plus letrozole (for an average period of 25
months). PAH increased by 9 cm versus 12 cm, respectively (99)
(LoE 3).

From the available data I conclude that in the subset of CAH
patients with a low PAH at pubertal onset, adding rhGH alone or
in combination with a GnRHa may increase AH.

2.2.7 Hypothyroidism
In a case-report two patients with severe acquired juvenile
hypothyroidism presenting with compromised PAH were
treated with rhGH plus GnRHa in addition to LT4 (100). In
the first patient, a 13 year-old girl, PAH decreased to 144 cm after
one year of LT4 treatment. rhGH plus GnRHa for one year
slowed BA progression, and led to an AH of 155 cm (LoE 4). In
the second patient, a 14 year-old boy, a 2 year treatment with
rhGH plus GnRHa was initiated in addition to LT4 leading to
improvement of growth velocity (10.6 cm/yr) while slowing bone
age progression, resulting in an AH equal to TH, an increase of
10 cm compared with PAH after one year of LT4 treatment (LoE
4). When one compares these observations with the study on the
effect of the addition of GnRHa alone (36) (paragraph 2.1.1), the
addition of rhGH appears crucial for a substantial height gain,
but obviously observations in two patients are insufficient for a
reliable assessment.

2.3 Safety of GnRHas in Childhood
and Adolescence
According to the GnRHa consensus meeting (10), “GnRHas are
generally well tolerated in children and adolescents. Systemic
complaints such as headaches or hot flashes occur occasionally
but are usually short-term and do not interfere with therapy.
Local adverse events occur in 10-15% patients and necessitate a
change in agent when persistent, because they can result in sterile
abscesses in a fraction of the patients. Although exceedingly rare,
anaphylaxis has been described”. The International Consortium
gave a very elaborate description of possible adverse events, but
basically the conclusion was the same: “Adverse effects of GnRHa
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therapy are rare, and the associations of most reported adverse
events with the GnRHa molecule itself are unclear. Decades of
experience have shown that GnRHa treatment is both safe and
efficacious” (11). In a few studies negative effects on bone
acquisition have been reported (27, 45, 58), but these appear
transient (47).

The main downside of GnRHa treatment is that it brings the
early- or mid-pubertal adolescent back to a prepubertal state, not
suitable to his or her age, which may lead to psychosocial issues
and differences in behavior and interests compared with peers.
3 THE EFFECT OF AROMATASE
INHIBITORS

While GnRHas can be considered as having a “semi-physiologic”
effect (by bringing the body back to a prepubertal state), AIs are
clearly pharmacological agents. They are registered for the
treatment of estrogen-dependent breast cancer, and aimed at
decreasing the exposure to estrogens as much as possible,
primarily by inhibiting the intracellular conversion of
androgens to estrogens, but also by decreasing circulating
estrogen concentrations. At present, there are three so-called
third generation AI compounds registered: letrozole (2.5 mg
o.d.), anastrozole (1 mg o.d.) and exemestane (25 mg o.d.). The
effect of letrozole on aromatase inhibition is stronger compared
to that of anastrozole [88% vs 85% tissue aromatase blockade in
postmenopausal women (101)], with mean residual estradiol
concentrations of 10.1% for anastrozole and 5.9% for letrozole
(102), consistent with observations in boys with ISS (103).
Exemestane is a nonsteroidal aromatase inhibitor, and covalent
binding of the drug to the active site of the enzyme irreversibly
inhibits aromatase action, in contrast to the two non-steroidal
AIs which form a reversible bond with the enzyme [reviewed
in (5)].

AIs are not registered for any pediatric indication and as far as I
know no basic pharmacological studies have been performed in
children or adolescents. Therefore, no information is available on
the optimal dosages for the three compounds if they would be used
in childhood and adolescence. In fact, in pediatric studies the same
dosage has been used as for adults, which probably leads to
maximum suppression of aromatase. The use of AIs has been
investigated in four groups of conditions: hyperestrogenism,
hyperandrogenism, pubertal gynecomastia, and short stature
and/or delayed puberty (5).

3.1 Use of Aromatase Inhibitors in
Hyperestrogenism, Hyperandrogenism, or
Pubertal Gynecomastia
Four rare disorders characterized by hyperestrogenism
(aromatase excess syndrome, Peutz-Jeghers syndrome,
McCune-Albright syndrome, and functional follicular ovarian
cysts) are logical indications for AIs. For details I refer to a
previous review (5) and a recent paper on Peutz-Jeghers
syndrome (104).
Frontiers in Endocrinology | www.frontiersin.org 822
Regarding hyperandrogenism, the efficacy of AIs in
testotoxicosis, also known as familial male-limited precocious
puberty, is well established (5). The positive effect of long-term
treatment with the combination of an antiandrogen, aromatase
inhibitor and GnRH analogue was recently confirmed (105, 106)
(LoE 2).

As mentioned in paragraph 2.2.6, the conventional treatment
of children with 21-hydroxylase deficiency with a combination of
hydrocortisone and fludrocortisone acetate may in some
children lead to a low AH. A lower dosage of corticosteroid
treatment in combination with a first generation AI and an
androgen antagonist appeared efficacious (107), but became
outdated by the arrival of second and third generation AIs.

The addition of letrozole to CAH patients with concomitant
CPP who received a GnRHa led to a significantly higher NAH
compared with the no intervention group (98) (LoE 3). In a
recent case report the effect of 9 years of exemestane, combined
with 4 years of GnRHa treatment because of early central
puberty, was described in a patient with markedly advanced
BA (108) (LoE 4). At start of exemestane the PAH was -4.6 SDS
and at its discontinuation NAH was -0.8 SDS. In another study,
already mentioned in paragraph 2.2.6, the addition of letrozole to
rhGH plus GnRHa had an additional effect of 3 cm (99) (LoE 4).

Also patients with an 11 b-hydroxylase deficiency can end up
short, particularly if the diagnosis is made during later
childhood. The first report on 11 years of administration of
letrozole without rhGH in a boy with 11b-hydroxylase deficiency
demonstrated a 35 cm increase in AH over PAH (109) (LoE 4).
This was combined with a GnRH analogue for 2.5 years due to
central activation of puberty. However, significant adverse events
were reported in this patient: back pain and vertebral changes
were noted from the age of 15 years onwards, as well as impaired
sperm motility and subnormal morphology. Two case reports
showed that the addition of rhGH and an AI to glucocorticoid
replacement was highly efficacious (LoE 4). The first case (110)
was treated with rhGH and letrozole resulting in a higher AH as
compared with PAH. The second case (111), treated with rhGH
plus anastrozole, reached an AH of 11.5 cm above TH. In these
patients no side effects were noted.

While initially AI treatment appeared to be a rational
approach in boys with pubertal gynecomastia, the results have
been disappointing (5). In a recent clinical practice guideline the
use of selective estrogen receptor modulators, aromatase
inhibitors, or non-aromatizable androgens was not
recommended for this self-limiting condition (112).

3.2 Use of Aromatase Inhibitors in Boys
With Short Stature and/or Delayed Puberty
Third generation AIs have been used as a potential agent to
enhance AH, particularly letrozole (2.5 mg o.d.) and anastrozole
(1 mg o.d.). The motivation to initiate such studies was the
observation that males with a pathogenic variant of the genes
encoding the estrogen receptor or aromatase show a substantial
BA retardation while their stature in childhood and adolescence
was normal, resulting in increased AH (14, 15, 113–116).
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Regarding the use of AIs in children, there is one systematic
review by the Cochrane group (117), which concluded that the
“available evidence suggested that aromatase inhibitors
improved short-term growth outcomes”, but that “there was
no evidence to support an increase in AH, based on limited data,
with only one of four trials publishing AH data under non-
randomized conditions” (LoE 2).

In most reports and reviews on AIs, the authors apparently
assumed that the effects of letrozole and anastrozole are similar
regarding growth and skeletal maturation. In contrast, I believe
that there is circumstantial evidence that the effects differ to some
extent, which may well be related to the different degree of
blocking aromatase. The biphasic dose-response relationship of
estrogens and growth discussed in paragraph 1 would suggest
that a total blockade of estrogen exposure may have a negative
effect on growth, which could serve as an argument in favor of
anastrozole above letrozole.

Unfortunately, there is little information about a direct
comparison between the efficacy and safety of both compounds
in childhood. There is only one study in which the effect was
studied on growth and BA in short pubertal males. First year
height velocities were similar, but PAH increased more in the
anastrozole group (118) (LoE 3). The study in which either
letrozole or anastrozole was administered to boys with ISS (103)
was not powered to detect differences between the effect of these
drugs on growth and skeletal maturation. Similarly, there is no
direct comparative information about adverse events in
adolescents of both compounds, but the published data seem
to suggest that adverse events are seen more frequently on
letrozole treatment than on anastrozole.

In the following paragraphs I summarize the outcome of
clinical studies in children/adolescents at risk of a low AH, as a
follow-up to several previous reviews (1, 3, 5, 119–122).

3.2.1 Idiopathic Short Stature, Growth Hormone
Deficiency, and Constitutional Delay of Growth
and Puberty
Several studies have been performed with AIs in boys with ISS,
constitutional delay of growth and puberty (CDGP) (which I
consider equivalent to ISS with delayed onset of puberty) or
GHD (5). Auxological data from several studies are presented in
Tables 2, 3. Given the possible differences in efficacy and safety
between letrozole and anastrozole, the results will be discussed in
separate paragraphs for studies on letrozole, anastrozole and
studies in which both were used.

3.2.1.1 Letrozole
The first RCT on the effect of letrozole in boys with CDGP (128,
129) appeared to lead to a small gain of NAH (LoE 1), but as
discussed previously (5) there are several issues which make this
claim uncertain. The most important issue is potential selection bias
at start of treatment and in the final analysis. Further, results
obtained with a combination treatment (letrozole plus
testosterone) cannot be extrapolated to letrozole alone. In
addition, no AH data were reported for the untreated boys, and
the attained AH might be considerably higher than the NAH, since
the range of bone ages at follow-up was quite wide (15.8–18.0 years).
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The same Finnish group also performed an RCT on the effect
of a 2 year course of letrozole vs. placebo in peripubertal boys
with ISS (prepubertal in 90%) (Table 2). At discontinuation of
medication there was a 5.9 cm increase of PAH on letrozole
(123), but the authors have to be praised for performing a study
on attained AH. This showed that there was no statistically
significant difference in AH (124) (LoE 1). Of note, in both
groups, the attained AH was 3 cm lower than PAH at start of
treatment (124). Regarding the study design, in hindsight, it
would have been more logical to start letrozole in early- or
midpuberty than before puberty. Minor vertebral deformities
occurred in boys who were prepubertal at start (130), but this
ameliorated with time (124). The results of this study serve as a
warning against overestimating the accuracy of PAH calculations
after a therapeutic course with a puberty modulator.

In an Iranian study, 91 boys with CDGP were randomly
allocated to letrozole, placebo or oxandrolone for 2 years (131).
The results showed several questionable issues (5) and
unfortunately we have been unable to obtain clarifications
from the authors (LoE 4). In another Iranian study (132) the
effect of one year on letrozole versus no treatment in small
groups of 6 boys was reported. The authors concluded that
letrozole treatment was associated with an AH of 1.9 cm above
PAH, in contrast to no increase in controls (0.1 cm). However,
the letrozole group was investigated at a considerably older age
than the controls (23.4 versus 19.9 years) (LoE 3).

In a retrospective chart review of 21 boys with predicted short
stature and/or rapidly advancing BA, due to many different
diagnoses, 19 received letrozole, one subject anastrozole, and
one subject initially anastrozole for 1 year followed by a switch to
letrozole. No increase of PAH was observed, regardless of Tanner
stage (2) (LoE 4).

Finally, a recent Finnish randomized controlled phase 3 trial
tested whether letrozole for 6 months might be a feasible alternative
treatment to low-dose testosterone for boys with CDGP (133).
Thus, this study was not aimed at investigating whether letrozole
would result in a taller AH. In the letrozole group serum
concentrations of LH, FSH, testosterone and inhibin-B as well as
testicular volume were higher than in the testosterone group, but
height velocity was slightly lower (LoE 1). The safety profile of both
regimens was satisfactory, but the authors warned that “the risks
and benefits of manipulating the reproductive axis during early
puberty should be weighed carefully” (133).

A case report of a GH deficient boy who received letrozole for
17 month in addition to rhGH suggested a positive effect on
PAH, but unfortunately no data on attained AH were reported
(134) (LoE 4). Another case report on the effect of 5 years of
letrozole in a 14.5-year-old boy with ISS demonstrated that AH
surpassed the pre-treatment PAH by 15 cm (135) (LoE 4).

3.2.1.2 Anastrozole
In an RCT from the USA, 52 adolescent males with GH
deficiency treated with rhGH were randomized to cotreatment
with anastrozole or placebo daily for up to 36 months.
Anastrozole cotreatment was associated with slower bone
maturation and higher PAH while maintaining normal
pubertal progression after 2–3 yr (125) (LoE 1) (Table 3).
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https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles


Wit Manipulation of Skeletal Maturation
Unfortunately, no AH data could be collected. Furthermore, the
interpretation of the results is complicated because of a potential
selection bias, since the number of patients who could be
analyzed decreased from the original 52 to 41 and 28
completing 2 and 3 years, respectively, without information on
the distribution per group.

An interesting approach was taken by a French group (126),
which explored the effect on AH of rhGH plus anastrozole,
compared with rhGH alone and historical untreated controls, by
the end of puberty in boys with ISS (Table 3). In this small study,
rhGH plus anastrozole, despite being started at such late stage of
puberty, seemed to allow boys with ISS to reach a greater AH
than rhGH alone (LoE 2).

3.2.1.3 Letrozole or Anastrozole
As mentioned previously, first year data from a direct
comparison of anastrozole and letrozole in children with ISS
Frontiers in Endocrinology | www.frontiersin.org 1024
confirmed that letrozole is more potent in hormonal
manipulation, but suggested that PAH increased more in the
anastrozole group (118) (LoE 3). Unfortunately, long-term
results of this study have not been reported, but even if these
would be available, the lack of an untreated control group would
have hampered the interpretation.

An RCT in 76 boys with ISS consisted of three arms: 1) AI
(letrozole or anastrozole); 2) rhGH, and; 3) AI plus rhGH (103).
The authors concluded that AI plus rhGH for 24–36 months
increased height potential in pubertal boys with ISS more than
rhGH or AI alone (LoE 1), but unfortunately no data have been
reported on attained AH. The effect was considerably greater if
patients were treated for at least 36 months, but this could only
be investigated in the 19 out of 54 boys with a residual height
potential at 24 months who chose to continue treatment,
resulting in potentially selective loss to follow up. As
mentioned earlier, the study was not powered to investigate
TABLE 2 | Effect of letrozole (Let) or anastrozole (Ana) on growth in boys with idiopathic short stature (ISS).

Country, Diagnosis (duration) Finland, ISS (2 yrs) US, ISS, 1 yr US, ISS, 2 yrs

Reference (123, 124) (118) (103)*

Medication Let Placebo Let Ana Let/Ana GH Let/Ana+GH

N 10 10 17 22 25 25 26
At start
Age, yrs 11.5 (1.8) 10.9 (1.8) 14.1 (1.3) 14.1 (1.4) 14.2 (0.2 14.1 (0.2) 14.0 (0.2)
Hgt, cm 129.7 (7.9) 127.5 (7.5) 148.7 (6.2) 149.3 (6.7) 145.7 (1.1) 144.2 (1.4) 144.5 (1.3)
Hgt SDS -2.4 (0.3) -2.5 (0.4) -2.2 (0.1) -2.4 (0.1) -2.3 (0.1)
HV, cm/yr 7.1 (3.0) 6.0 (3.5)
TH, cm 175.3 (4.5) 173.8 (8.7) 171.8 (0.8) 170.1 (1.3) 171.6 (0.9)
BA, yrs 9.2 (2.6) 8.7 (1.9) 13.3 (0.7) 13.4 (0.8) 12.8 (0.3) 12.9 (0.3) 12.7 (0.2)
PAH, cm 167.6 (7.9) 166.9 (3.9) 166.4 (4.5) 165.7 (5.2)
Testic vol, ml 1.5 (1.4) 1.0 (0.6) 8.3 (3.2) 7.7 (3.5)
Tanner G 8/2/0/0/0 10/0/0/0/0 0/8/8/1/0 0/9/9/4/0 2-3 2-3 2-3
T, nmol/L 1.4 (1.9) 0.4 (0.4) 7.1 (1.3) 8.5 (1.4) 7.7 (1.3)
At stop
Age 15.2 (1.3) 15.2 (1.5)
Hgt, cm 156.4 (5.1) 157.6 (6.7)
Hgt SDS -1.73 (0.1) -1.43 (0.1) -1.25 (0.1)
HV, cm/yr 7.2 (2.1) 7.2 (1.8)
D hgt,cm 14. (0.8) 17.1 (0.9) 18.9 (0.8)
BA, yrs 10.2 (2.9) 10.8 (1.5) 14.2 (0.8) 14.2 (0.9)
DBA, yrs 1.24# 2.05# 2.1 (0.3) 2.5 (0.1) 1.9 (0.2)
PAH, cm 174.0 (8.3) 167.4 (4.3) 167.7 (5.6) 169.9 (6.3)
HSDSBA -1.06 (0.1) -1.11 (0.2) -0.41 (01)
DPAH, cm 6.4 (2.2) 0.5 (4.4) 1.4 (4.4) 4.4 (3.5)
Testic vol, ml 14.3 (3.3) 14.0 (2.7)
Tanner G 5/0/1/1/3 3/3/2/2/0 0/0/4/12/1 0/1/7/10/3 4-5
At (near-)AH
Age 23.3 (4.0) 21.7 (3.1) 17.4 (0.2)
Hgt, cm 164.8 (4.0) 163.7 (3.7) 164.1 (1.6) 164.8 (1.6) 166.9 (1.5)
NAH-TH -7.8 (1.6) -5.3 (1.3) -4.5 (1.4)
DHgt, cm 18.2 (1.6) 20.6 (1.5) 22.5 (1.4)
DHgt 3yrs 23.8 (2.3) 26.7 (2.0) 30.7 (1.1)
DHgt 2yrs 14.7 (1.5) 17.8 (1.6) 19.9 (1.4)
Hgt SDS -2.6 (0.7) -2.7 (0.7) -1.4 (0.1) -1.4 (0.2) -1.0 (0.1)
BA, yrs 18.5 (0.7) 18.7 (0.7) 15.3 (0.1)
Testic vol, ml 12.8 (3.0) 12.2 (3.5)
December 20
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*Data from Mauras et al. are expressed as mean (SE). Data from other papers are expressed as mean (SD).
#Derived from Hero et al, 2005 on 16 and 14 patients, respectively.
AH, adult height; BA, bone age; G, genital stage according to Tanner; GH, growth hormone; Hgt, height; HV, height velocity; HSDSBA, height SDS for bone age; ISS, idiopathic short
stature; NAH, near-adult height; PAH, predicted adult height; SDS, standard deviation score; T, testosterone; testic, testicular; TH, target height; vol, volume; yrs, years.
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differences between letrozole and anastrozole in terms of efficacy
and safety. The total QoL scores increased significantly at 24
months in the rhGH and AI plus rhGH group, but QoL derived
from the children’s reports did not increase in the AI group,
while it increased in all groups in the parents’ reports. Increases
in QoL scores were associated with increases in height SDS (136).

A retrospective assessment of the effect of anastrozole or
letrozole with or without rhGH treatment for a mean period of
2.1 years was performed in 96 adolescent boys with, as stated in
the report, an “idiopathic decrease in PAH when compared with
TH” (137). In contrast, the baseline data showed that mean pre-
treatment PAH was close to mean TH (range -3.4 to +2.4 cm
around TH) and mean height SDS ranged between -1.0 and 0.0.
The normal stature of these boys and low number of patients
Frontiers in Endocrinology | www.frontiersin.org 1125
who reached NAH (n=22), as well as the retrospective design,
preclude firm conclusions (LoE 4).

In an observational study from the United States (127) on
boys with GHD or ISS, with a similar loss to follow up and risk of
selection bias as mentioned for the RCTs, the authors concluded
that the addition of an AI may augment growth potential as
indicated by continued height SDS increase with decreased BA/
chronological age (BA/CA) ratio (Table 3) (LoE 4).

A recent study from China reported on a comparison of the
effect of rhGH alone or combined with letrozole or anastrozole for
one year or more (138). After intervention, there were significant
differences in DBA/DCA, DHeight SDS for BA and DPAH between
the rhGH plus AI group and the rhGH group (LoE 3). However,
multiple adverse events were reported (see later).
TABLE 3 | Effect of anastrozole (Ana) or letrozole (Let) in boys with growth hormone deficiency (GHD) or idiopathic short stature (ISS).

Country, Dg US, GHD France, ISS US, GHD versus ISS

Reference (125) (126) (127)

Medication Ana+GH Placebo+GH Ana+GH GH Controls GH+[Ana/Let] GH+[Ana/Let]

N 26 26 12 12 17 115 27
At start
Age, yrs 13.8 (0.3) 14.2 (0.2) 15.2 (0.8) 15.2 (1.1) 15.1 (0.8) 14.7 (1.9) 13.8 (1.7)
Hgt, cm 149.7 (1.6) 151.6 (13) 155.0 (4) 156.3 (2.9) 156.1(3.5)
Hgt SDS -1.4 (0.2) -1.5 (0.2) -1.7 (0.7) -1.7 (1) -1.7 (0.8) -1.0 (0.9) -1.0 (0.8)
TH, cm 169.8 (1.6) 173.1 (1.2) -1.15 -1.2 -1.15
BA, yrs 13.7 (0.2) 13.4 (0.2) 14.5 (0.8) 14.6 (0.6) 14.6 (0.7) 13.5 (2.4) 13.5 (1.0)
BA/CA 0.97 (0.10) 0.99 (0.10)
PAH, cm 157.9 (3.8) 158.2 (2.9)
PAH SDS -2.9 (0.6) -2.84 (0.5)
Testic vol, ml 22.2 (5) 22.4 (8) 22 (5)
Tanner G 2-4 2-4
T, nmol/L 7.5 (1.2) 5.6 (1.0) 5.6 (0.9) 5.5 (0.9) 5.5 (0.8)
At 1-2 yrs At 2 yrs At ≈1 yr (NAH) At 1 yr
N ? (total 41) 12 12 72 19
Duration GH 2 yrs 2 yrs 19 (5.9)mo 11.5 (5)mo
Age, yrs 16.8 (0.7) 16.2 (1.1)
Hgt, cm 162.9 (1.4) 166.6 (1.4) 168.4 (2.6) 164.2(5.6) 160.1(2.8)
Hgt SDS 0 -0.92 (0.9) -0.87 (0.9)
Hgt SDS -1.1 (0.9) -1.8 (0.9) -0.62 (1.0) -0.69 (0.8)
D hgt,cm 12.7 (5.6) 7.8 (5)
BA, yrs 15.4 (0.2) 16.0 (0.2)
BA/CA 0.93 (0.1) 0.96 (0.1)
DBA, yrs 1.8 (0.1) 2.7 (0.1)
DHSDSBA 0.5 (0.1) 0.0 (0.1)
DPAH, cm 4.5 (1.2) 1.1 (1.1)
NAH-PAH, cm 10.5 (5.2) 5.9 (4.5)
T, nmol/L 21.8 (2.5) 19.8 (2.0)
At 2-3 yrs At 3 yrs At 2 yrs
N ? (total 28) 27 9
Hgt, cm 165.8 (1.3) 167.8 (1.8)
Hgt SDS 0 -1.00 (1.0) -0.85 (0.9)
Hgt SDS -0.40 (1.2) -0.65 (0.5)
BA, yrs 15.9 (0.3) 17.2 (0.3)
DBA, yrs 2.5 (0.2) 4.1 (0.1)
DHSDSBA 0.8 (0.2) -0.1 (0.2)
BA/CA 0.95 (0.1) 0.96 (0.06)
DPAH, cm 6.7 (1.4) 1.0 (1.1)
T, nmol/L 17.7 (2.2) 11.7 (1.1)
Decem
ber 2021 | Volume 12 |
BA, bone age; CA, chronological age; G, genital stage according to Tanner; Hgt, height; Hgt SDS 0, height SDS at baseline; HSDSBA, height SDS for bone age; mo, months; NAH, near-
adult height; PAH, predicted adult height; SDS, standard deviation score; T, testosterone; testic, testicular; TH, target height; vol, volume; yrs, years.
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3.2.2 Haploinsufficiency of SHOX, NPR2, and ACAN
There are only a few anecdotal reported data on the combination
of rhGH plus AI in children with these genetic variants. One
child with a heterozygous pathogenic NPR2 variant was treated
with rhGH in a dosage of 50 µg/kg.d and letrozole (2.5 mg/d)
since he was 13 years old (83). His height SDS remained stable
and his AH prediction based on his bone age improved from 156
cm to 167.4 cm during therapy (LoE 4).

In one case of the large cohort of patients with ACAN
haploinsufficiency (79), the effect of letrozole treatment for one
year was reported, resulting in arrested bone maturation (LoE 4).
In a recent Chinese study (86), the effect of GnRHa or an AI in
addition to rhGH was compared with rhGH alone, but no
separate analysis of these two interventions were presented, as
discussed earlier (LoE 4).

3.2.3 Hypothyroidism
There is one case report on the effect of anastrozole as
cotreatment to LT4 treatment in a boy who was diagnosed at
12 years of age with a height of -3.5 SDS (139). After 2 years of
LT4, anastrozole was added for 1.5 years because of rapid bone
maturation, resulting in a PAH of 11 cm below TH. BA
advancement slowed and the patient’s NAH was 2.4 cm taller
than PAH at start of anastrozole (LoE 4).

3.2.4 Chronic Kidney Disease
In a case report, a one year treatment with anastrozole after renal
transplantation appeared to have a positive effect on growth and
the authors suggested that this strategy should be considered in
children who present with significant short stature close to
puberty when time for other therapeutic options is limited
(140) (LoE 4).

3.3 The effect of Aromatase Inhibitors
in Girls
For the four rare disorders characterized by hyperestrogenism
(aromatase excess syndrome, Peutz-Jeghers syndrome, McCune-
Albright syndrome, and functional follicular ovarian cysts) AIs
in girls have been used with modest results (5). Regarding
hyperandrogenism, the combination of letrozole and a GnRHa
has been applied to 7 girls with CAH and CPP, with apparently a
good effect on AH (98) (LoE 4).

Most clinicians are hesitant to use AIs in girls in order to
increase AH, and in the most recent review AIs were considered
“contraindicated in girls with short stature due to concerns about
precipitating ovarian cysts with risk of torsion” (3), based on the
occurrence of ovarian torsion in patients with congenital
aromatase deficiency. Still, a prospective phase 2a study was
performed in 40 girls consecutively referred for early puberty
(onset 7.5–9 years) with a PAH <−2 or >1.5 SD lower than their
TH, which compared GnRHa plus anastrozole (n=20) with
GnRHa alone (n=20) for 2 years or until the age of 10 years
(141). In the group receiving the combination treatment, PAH
SDS gain was almost double of that observed in the group on
GnRHa alone by 12 and 18 months, and reached the maximum
of +1.2 SDS (7.5 cm) vs +0.3 SDS (1.9 cm) after 2 years,
respectively (LoE 2).
Frontiers in Endocrinology | www.frontiersin.org 1226
3.4 Safety of Aromatase Inhibitors in
Childhood and Adolescence
The use of AIs in male children and adolescents has been
associated with several adverse events, probably associated with
a decrease of circulating and intracellular estrogens and an
increase of circulating androgens due to increased LH
secretion, particularly on letrozole.

Estrogen receptors and aromatase activity are ubiquitously
present throughout the body, suggesting that estrogen signaling
is crucial for many tissues. The main potential adverse events
associated with estrogen deficiency are changes in BMD, bone
turnover, lipid metabolism, insulin sensitivity, and cognitive
performance (1, 3). In fact, adults with estrogen deficiency due
to hypogonadism or aromatase deficiency do present with a low
BMD. Although in the RCTs no change of BMD was reported
(130), a temporary decrease of BMD was noted by Krebs
et al. (135).

In the study on the effect of letrozole in boys with ISS, most of
whom were prepubertal boys at start of treatment, vertebral
anomalies were noted (142). A similar observation was made in a
boy treated for 11 years from 4 years of age onward (109). Serum
HDL slightly decreased and insulin sensitivity slightly increased
(143). No significant adverse effect on cognitive performance was
found (1). Increased erythropoiesis was noted in several studies
(2, 144–146). A theoretical risk of AIs is that letrozole-induced
gonadotropin secretion and ensuing high concentrations of
intratesticular testosterone might affect development of
seminiferous epithelium (133). In fact, abnormalities of sperm
(impaired motility and subnormal morphology) were observed
in the boy treated with letrozole for 11 years (109), but not in an
RCT on the effect of anastrozole (147).

Multiple adverse events were noted during follow-up of the
151 patients treated with rhGH plus letrozole or anastrozole,
including elevated uric acid, decreased HDL, severe acne,
excitement, hyperactivity and irritability, a fracture, mild renal
dysfunction, inactivity, drowsiness, memory loss and
performance decline, mildly abnormal liver function, and
granulocytopenia (138). The percentages of knee pain (11-
12%) and impaired fasting glucose (1-2%) were similar to
those in patients on rhGH alone. In another report (2), the
severity of acne and hematocrit significantly increased in boys
who started treatment in Tanner IV-V. In girls no adverse events
were observed (141).

Although no head-to-head comparison is possible, my
impression is that adverse events of letrozole are more
frequent than of anastrozole.
4 DISCUSSION AND CONCLUSION

In general, the scientific evidence for the efficacy of GnRHa or
AIs in the treatment of various growth disorders is suboptimal,
because of the scarcity of randomized controlled trials up to AH
and conflicting reports. Table 4 shows my subjective impression
of the efficacy of GnRHa or AI alone, or various combinations, in
particular with rhGH.
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The efficacy of a GnRHa alone is proven for children with
CPP, but less certain for any other condition. The available
clinical evidence appears sufficient to conclude that in rhGH-
treated children with GHD or SGA and in rhGH-treated girls
with ISS who develop CPP or who are short at pubertal onset,
AH can be increased by adding a GnRHa for 2-3 years.
Anecdotal reports suggest that a larger effect can be reached
with a longer treatment period, for example in girls with ISS and
relatively early puberty. However, the potential adverse
consequences in terms of bone health and psychosocial
development have to be considered.

A combination of rhGH plus GnRHa has also been used for
children with several conditions, if PAH SDS was low at the onset
of puberty. The effect appears similar among conditions, and
close to a gain of 1 SD (6-7 cm). However, the number of RCTs is
low, much of the evidence is derived from uncontrolled studies
and case reports, for most conditions rhGH treatment is not
registered, and GnRHas can only be prescribed off-label except
for CPP. Still, I believe that the similarity between the results in
children with the various conditions, particularly children with
CPP on GnRHa treatment with a low height velocity and PAH
and those in children with CAH with a low PAH, render it
plausible that growth stimulation by rhGH in combination with
low estrogen exposure by a GnRHa provides more time for
growth by inhibiting maturation of the epiphyseal growth plates
and increases AH. These observations are also in line with the
observations on experiments of nature (continued growth and
tall AH in disorders where circulating estrogens are low). GnRHa
treatment is usually tolerated well, and a modest decrease of
BMD appears to be compensated after discontinuation
of treatment.

Theoretically, one would expect a similar effect of AIs on
growth and skeletal maturation as of GnRHas, but the lack of
reported data on AHmake it difficult to estimate the extent of the
effect. AIs do have a therapeutic value in a few very rare
disorders, but their value in growth disorders, either alone or
in combination with rhGH, is still uncertain. In patients with
GHD or ISS, co-medication with anastrozole (103, 125) may
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have a similar effect as co-medication with a GnRHa (45), but the
lack of AH data precludes a firm conclusion. Long-term follow-
up of the boys with ISS treated with letrozole have shown that a
statistically significant increase of PAH does not always translate
to an increased AH (124). Comparing anastrozole and letrozole
co-medication, the results tend to be slightly superior for
anastrozole, but this has to be confirmed by an RCT
comparing the two compounds directly.

AI treatment leads to increased plasma testosterone, which is
considered a psychological advantage for adolescent males but a
potential disadvantage for females. Therefore, the use of AIs in
adolescence has virtually be confined to boys. The preliminary
data on the use of anastrozole in short girls (141) challenge this
hypothesis, but this observation needs confirmation.

Regarding safety, GnRHas are considered safe (11), but there
is more uncertainty about the safety of AIs, particularly if
treatment is given for a long period, and possibly more for
letrozole than for anastrozole.
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TABLE 4 | Apparent efficacy of different treatment regimens manipulating skeletal maturation for increasing adult height.

GnRHa alone GnRHa + rhGH GnRHa + AI AI alone AI + rhGH

CPP ++ +1 ±
Hypothyroidism2 ± ±
Laron syndrome ±
GHD ++3 ±
SGA +3

ISS ± + in girls, ± in boys ± ±
SHOX, NPR2, or ACAN haploinsufficiency ± ±
CAH +3 ± 3 ±
CDGP ± ±
December 202
1 | Volume 12 | Arti
1In case of severely decreased growth velocity during GnRHa therapy.
2In case of severe longstanding hypothyroidism and bone age delay.
3In case of precocious puberty or when entering puberty at a low height SDS.
++: Treatment considered effective in significantly increasing adult height, based on several good quality studies.
+: Some treatment effect on adult height with reasonable certainty.
+/-: Uncertain treatment effect due to conflicting or limited evidence.
CAH, congenital adrenal hyperplasia; CDGP, constitutional delay of growth and puberty; CPP, central precocious puberty; GHD, growth hormone deficiency; ISS, idiopathic short stature;
SGA, small for gestational age.
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Growth hormone (GH) therapy dates back to 1958 and, though has shown an excellent
safety profile in the short-term, has never ceased to raise concern about potential long-
term side effects. In the last decade, a number of observational studies in different cohorts
of young adult patients treated with GH during childhood have yielded conflicting results.
The attention has mainly focused on three major potential risks associated with GH
therapy: cancer, cardio and cerebrovascular diseases and diabetes. This review intends
to provide a detailed overview of the main studies reporting long-term safety in subjects
treated with rhGH therapy during childhood, highlighting the evidence for or against the
risk of cancer, cardio and cerebrovascular diseases and diabetes.

Keywords: growth hormome, GH deficiency (GHD), IGF - I, gh therapy, hypopituitarism
INTRODUCTION

Growth Hormone (GH) was initially purified from ox pituitaries (1) and thereafter successfully
introduced in the treatment of children with GH deficiency in the middle of the last century (2)
Human GH (hGH) was extracted from human pituitaries (pit-hGH) making it extremely difficult to
find and stimulating the establishment of national agencies in many countries with the purpose to
collect human pituitaries for extracting, purifying and distributing pit-hGH for the treatment of
children with GH deficiency. Due to the shortage of raw material (i.e. human pituitaries), the
therapeutic regimen of pit-hGH was far from optimal, being based on two to three intramuscular
injections per week. Nevertheless, pit-hGH replacement therapy was extremely effective in inducing
a robust and prolonged catch-up growth in children with hypopituitarism (3, 4).

pit-hGH therapy was continued until 1985 when the first three cases of Creutzfeldt—Jakob
disease in young patients who had received pit-hGH injections during childhood were reported
(5, 6). The cause of Creutzfeldt—Jakob disease is an infectious agent, termed prion, a misfolded
protein able to induce neurodegeneration. As Creutzfeldt—Jakob disease usually affects older adults,
these cases raised the suspicion of contamination of pit-hGH. This suspicion was later confirmed
and between 1985 and 2003, over 200 cases were reported, mainly in France, United Kingdom, and
United States (7).

Meanwhile, recombinant technology developed (8) and, in 1985, the first recombinant human
GH (rhGH) produced from E. coli was approved by the FDA in the USA for the treatment of GH
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https://www.frontiersin.org/articles/10.3389/fendo.2021.811846/full
https://www.frontiersin.org/articles/10.3389/fendo.2021.811846/full
https://www.frontiersin.org/articles/10.3389/fendo.2021.811846/full
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:stefano.cianfarani@uniroma2.it
https://doi.org/10.3389/fendo.2021.811846
https://www.frontiersin.org/journals/endocrinology#editorial-board
https://www.frontiersin.org/journals/endocrinology#editorial-board
https://doi.org/10.3389/fendo.2021.811846
https://www.frontiersin.org/journals/endocrinology
http://crossmark.crossref.org/dialog/?doi=10.3389/fendo.2021.811846&domain=pdf&date_stamp=2021-12-24


Cianfarani Safety of rhGH Therapy
deficiency in childhood. Due to the safety concerns, pit-hGH was
banned from the market and replaced by rhGH.

The virtually unlimited supply of rhGH led to the expansion
of indications for rhGH therapy, now including childhood and
adult GH deficiency, Turner syndrome, chronic renal failure,
small for gestational age (SGA), Prader–Willi syndrome, Noonan
syndrome, SHOX deficiency, idiopathic short stature (ISS),
achondroplasia, short bowel syndrome and HIV wasting
syndrome (9). This expansion of rhGH indications has not
been associated with increased incidence of serious side effects.
However, it has to be pointed out that the vast majority of
available observational studies reporting on rhGH safety are
short-term and not independent of Pharmaceutical Companies.

The aim of this review is to provide an overview of the main
studies reporting long-term safety in subjects treated with rhGH
therapy during childhood, focusing on the three major long-term
concerns regarding rhGH therapy, namely cancer, cardio and
cerebrovascular diseases and diabetes.
CANCER RISK IN PATIENTS TREATED
WITH rhGH DURING CHILDHOOD

The experimental evidence supporting a role of GH and insulin-
like growth factors (IGF-I and -II) in the development,
expansion and dissemination of tumors is robust and based on
countless data obtained in cell lines and animals, reported in
detail in previous reviews (10–13). The epidemiological evidence
linking circulating levels of IGF-I with increased risk of certain
tumors, though less robust than experimental data, supports the
role of exposure to high levels of IGFs in cancer risk (10).
Consistently, the observation that congenital IGF-I deficiency
confers protection from cancer, clearly indicates that low IGF-I
levels are associated with reduced cancer risk (14–16).

Concern about the risk of cancer in children treated with GH
was raised for the first time by case reports describing children
who developed leukemia during or following GH treatment in
Japan (17–19). Later analysis showed that at least half of these
patients had conditions predisposing to leukemia, thus leading to
overestimation of the frequency of malignancy (20). On the other
hand, the national Cooperative Growth study, a nationwide
study in USA initiated in 1985, did not show an increased risk
of leukemia in children treated with GH (21).

Nevertheless, concern over a potential increase in cancer risk
associated with GH therapy stimulated further observational
studies. In 2002, a long-term study reporting data from 1,848
patients treated with pit-hGH during childhood and early
adulthood, showed an increased risk of colorectal cancer and
Hodgkin lymphoma (HL) (22). However, the absolute number of
recorded deaths and cases was extremely low, though statistically
significant (2 deaths for colorectal cancer with an expected
number of 0.19 and two deaths for HL with an expected
number of 0.18). Moreover, almost half of the study cohort
had conditions different from idiopathic GH deficiency,
including neoplasms and diseases predisposing to cancer.
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In 2009, an EU funded (FP7-HEALTH) consortium of eight
European countries (Safety and Appropriateness of GH
treatments in Europe, SAGHE) was established with the
purpose of evaluating long-term safety of rhGH therapy in
childhood (23).

In 2012, preliminary and opposite results from different
SAGHE cohorts were published (24, 25). In the French cohort
comprising 6,500 young adult subjects treated with rhGH during
childhood for the indications of isolated GH deficiency (IGHD),
short stature associated with small for gestational age (SGA), or
idiopathic short stature (ISS) a significant increase in mortality
for bone was observed (24). On the contrary, in the same
diagnostic cohorts (overall 2,500 patients) from Belgium,
Sweden and The Netherlands, not a single case of death from
cancer was observed (25).

In 2014, we carried out a systematic review and meta-analysis
of studies reporting long-term safety data of rhGH therapy
during childhood (26). The standard mortality ratio (SMR) for
cancer was not significantly increased whereas overall cancer
standard incidence ratio (SIR, 2.74; 95% confidence interval [CI],
1.18–4.41) was higher than reference populations. However, the
analysis was based only on few available studies that, in addition,
were affected by a number of confounders and biases.

In the GeNeSIS (Genetics and Neuroendocrinology of Short
Stature International Study) observational study sponsored by
Eli Lilly and conducted on more than 20,000 rhGH-treated
patients with different diagnoses, no significant increase in
cancer mortality was observed in IGHD, ISS, and SGA patients
(27). It has to be pointed out that mean duration of follow-up in
this study was 4.2 years only.

The study reporting mortality and morbidity for cancer from
the entire dataset of all eight countries of the SAGHE consortium
was published in 2017 (28). The patients were classified into
three different classes of risk: (1) low risk: isolated growth failure,
including IGHD, ISS and SGA; (2) high risk: including patients
with previous history of cancer; (3) intermediate risk: non-
isolated growth failure and non-cancer patients, including all
the other patients with different diagnoses (Turner syndrome,
Noonan syndrome etc.). 23,984 patients were enrolled for cancer
mortality risk and 10,406 for cancer incidence. The average
follow-up time for mortality was 16.5 years per patient, and for
cancer incidence 14.8 years per patient. Both mortality and
morbidity for cancer were not increased in the low risk cohort
whereas SMR and SIR for almost all types of cancers were
significantly increased in the high-risk group. The incidence of
bone and bladder cancers was significantly raised in the
intermediate risk cohort. No relationship between cancer risk
and duration or cumulative dose of rhGH was found. In the
high-risk cohort, cancer mortality risk increased significantly
with increasing daily rhGH dose. Finally, the incidence of HL
increased with time (28).

The French SAGHE cohort was then examined in a separate
publication (29). Patients were followed for an average of 17.4 ±
5.3 years to a mean age of 28.4 ± 6.2 years.The overall incidence
and mortality of cancer were not increased with the exception of
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bone tumors (SIR 3.5, 95% CI 1.1- 8.1; SMR 5.0, 95% CI
1.0- 14.6).

The study reporting data from the entire SAGHE cohort with
more than 400 000 patient-years and up to 25 years of follow-up,
focused on long-term overall and cause-specific mortality in
young adult patients treated with recombinant human growth
hormone during childhood (30). This study showed no increase
in mortality for neoplasms in the low risk group (IGHD, ISS and
SGA patients).
FINAL REMARKS ON CANCER RISK
IN PATIENTS TREATED WITH rhGH
DURING CHILDHOOD

The majority of observational studies, with the exception of the
French SAGHE cohort, do not indicate that rhGH therapy affects
the risk of cancer in children without other risk factors at least in
the 15-16 years following rhGH therapy (Table 1) (31). All the
available reports are affected by a series of confounders and biases.
The study cohorts are often heterogenous, relatively small and
observed over a short follow-up. The quality of study designs is
different, some reporting data from death certificates and other
from detailed analysis of clinical records. Moreover, the absolute
rate of events is low,untreated control cohorts arenot available, data
regarding familial predisposition to cancer and exposure to
environmental hazards are lacking as well as local cancer
mortality and morbidity indices and information on rhGH dose
and treatment duration. Therefore, it is still impossible to
draw definitive conclusions on the basis of the available evidence.

There is evidence that GH and IGF-I are not able to directly
induce cell transformation and carcinogenesis but may amplify the
DNA damaging effects induced by other factors (32, 33). On the
otherhand, experimental evidence suggests that bothGHand IGF-I
play a pivotal role in the expansion and dissemination of many
tumors thus suggesting a possible accelerator effect in patients who
have early stage neoplasms. This potentiality raises concern about
the safety of rhGH treatment in patients with previous history of
neoplasia, conditions predisposing to cancer (for instance
RASopathies including Noonan syndrome) and chromosomal
breakage syndromes or DNA-repair disorders, including Fanconi
anemia, Bloom syndrome and Down syndrome.

In conclusion, long-term cancer surveillance is still needed in
all patients treated with rhGH, especially in those with
Frontiers in Endocrinology | www.frontiersin.org 335
conditions predisposing to cancer risk and, more in general, in
patients who received pharmacological rather than replacement
rhGH therapy.
CARDIO AND CEREBROVASCULAR RISK
IN PATIENTS TREATED WITH rhGH
DURING CHILDHOOD

Acromegaly, a disease characterized by excessive GH secretion, is
associated with cardiovascular and cerebrovascular diseases (34).
Though acromegalic patients have multiple risk factors that
contribute to morbidity and mortality for cardiovascular
diseases (CVD) such as hypertension, diabetes and
dyslipidemia, nevertheless GH/IGF-1 excess per se may play a
role in the increased CVD risk of these patients. Indeed, GH/
IGF-1 excess may directly affect endothelial function via different
mechanisms including: a) endothelial proliferation; b)
dysfunction of endothelial progenitor cells; c) induction of
oxidative stress; and d) reduction of oxidative defenses (35,
36). Two prospective Dutch and UK-based cohort studies in
the elderly and adults respectively, have shown a U-shaped
relationship between IGF-I levels and mortality, high
circulating IGF-I levels being associated with increased risk of
all-cause and CVD mortality (37, 38).

In a Dutch cohort of adult GHD patients on treatment with
rhGH, CVD mortality was not increased (39). Data from KIMS, a
global, multicenter, non-interventional, pharmaco-epidemiological
study in which data were collected from GHD adults receiving
rhGH replacement therapy, showed that mortality was slightly but
significantly increased especially in women (40). Interestingly,
standard mortality ratio (SMR) was significantly associated with
IGF-I SDS and among the causes of death, mortality for
cerebrovascular disease was significantly increased.

The first study showing increased cardio and cerebrovascular
mortality in young adults treated with rhGH during childhood
reported data of the French cohort of the SAGHE study (24). The
cohort consisted of 6928 young adults with IGHD,
neurosecretory dysfunction, ISS and born SGA. SMR was
significantly increased for diseases of the circulatory system
(SMR 3.07, 95% CI 1.40–5.83) or subarachnoid or intracerebral
hemorrhage (SMR 6.66, 95% CI 1.79 –17.05). In contrast to these
results, an observational study reporting mortality data from
2543 young adults recruited in the SAGHE cohorts from
TABLE 1 | Summary of the available evidence of cancer, cardio-cerebrovascular and diabetes risk in young adulthood associated with rhGH therapy in childhood.

Cancer risk Cardio-cerebrovascular risk Type 2 Diabetes risk

I. No evidence of increased
risk in low risk group
(IGHD, ISS and SGA).

II. Increased risk of bone
tumors in the French
SAGHE cohort.

Evidence of potential increased risk, presumably in association with
other risk factors such as family history, environment, lifestyle,
ethnicity, comorbidities and, possibly, female gender.

Evidence of potential increased risk in presence
of other risk factors such as obesity, family
history, sedentary lifestyle, comorbidities.
IGHD, isolated GH deficiency; ISS, idiopathic short stature; SGA, small for gestational age.
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Belgium, The Netherlands and Sweden, with the same diagnostic
categories of the French cohort, showed not a single case of death
for cardio or cerebrovascular diseases (25).

A further report from the French SAGHE study group showed
increased cerebrovascular morbidity for hemorrhagic stroke and
particularly subarachnoidhemorrhage in6874 young adults treated
with rhGH during childhood for IGHD, ISS and SGA (41).

The study reportingmortality data from the complete dataset of
all eight countries of the SAGHE consortium including more than
24000 patients with up to 25 years of follow-up was published in
2020 (30). The results showed that all-cause mortality was not
increased in low-risk patients (IGHD and ISS) whereas it was
significantly increased in children born small for gestational age,
though this result was skewed by the French sub-cohort. Overall
mortalitywasnot associatedwithmeandaily or cumulative doses of
rhGH for any of the risk groups. Notably, when looking at cause
specific mortality, mortality for diseases of circulatory system was
significantly increased in all risk groups. A recent large nationwide
cohort study conducted in Sweden, included patients treated with
rhGH for the indications of IGHD, ISS and SGA (42). The Authors
collected data on cardiovascular risk as well as a number of
covariates such as gestational age, birth weight, birth length,
socioeconomic status, and height. 53,444 individuals (3408
patients and 50036 controls) were followed up for a median of
14.9 years. The adjusted hazard ratio (HR) for all cardiovascular
events was significantly increased in patients (HR, 1.69; 95% CI,
1.30-2.19), and particularly in women (HR, 2.05; 95% CI, 1.31-
3.20). Each diagnostic category (i.e. IGHD, ISS and SGA) showed
increasedHRs. Interestingly, a higher risk of cardiovascular disease
was associated with longer duration of rhGH treatment and total
cumulative dose (42).
FINAL REMARKS ON CARDIO AND
CEREBROVASCULAR RISK IN
PATIENTS TREATED WITH rhGH
DURING CHILDHOOD

Although GH treatment has been reported to improve
cardiovascular risk factors in GHD patients (43), the available
data suggest a slight but significant increased cardio and
cerebrovascular risk in patients treated with rhGH during
childhood (Table 1). As mentioned in regard to cancer risk all
the reports are burdened by many confounders and biases which
prevent from drawing definitive conclusions. It is plausible that
GH therapy in association with other risk factors such as
genetics, environment, lifestyle, ethnicity, and comorbidities
may concur in increasing cardio and cerebrovascular risk.

It has to be pointed out that the association between short
stature and cardiovascular risk is well known (44). A genetic
approach based on 180 height-associated genetic variants showed
that a change in genetically determined height of 1 SD (6.5 cm) was
associated with an increase of 13.5% (confidence interval, 5.4 to
22.1) in the risk of coronary artery disease (CAD) (45). In the same
study, pathways linking height-associated genes with the risk of
CAD were identified. These findings suggest that certain forms of
Frontiers in Endocrinology | www.frontiersin.org 436
short stature may per se be associated with increased cardio and
cerebrovascular risk and the disentanglement of the potential
adverse effect of hGH therapy from underlying predisposing
factors still remains a major challenge.
DIABETES RISK IN PATIENTS TREATED
WITH rhGH DURING CHILDHOOD

The role played by GH in glucose metabolism is well recognized.
In particular, the administration of GH decreases glucose uptake
and glucose oxidation, increases gluconeogenesis and reduces
insulin sensitivity (46, 47).

The first report showing an association between rhGH
therapy and risk of diabetes collected data of a large
international pharmaco-epidemiological survey for monitoring
efficacy and safety of GH therapy in children and adolescents
(KIGS) (48). The incidence of type 1 diabetes was not increased
in children treated with rhGH whereas the incidence of type 2
diabetes was six-fold higher than expected and diabetes persisted
even after discontinuation of rhGH therapy. This finding was
confirmed by another multinational observational study of
children with growth disorders (GENESIS) which reported a
significant higher incidence of type 2 diabetes in children treated
with rhGH (49). Risk factors for type 2 diabetes were identified in
10 out of the 11 patients who developed the disease. A further
report from GENESIS observational study on a larger population
confirmed the increased risk of type 2 diabetes in patients treated
with rhGH and with other predisposing factors (27).

In contrast to these findings a French study of the prevalence
of diabetes in more than 5000 patients of patients treated
with rhGH during childhood, showed no increased risk of
diabetes in subjects treated with rhGH (50).
FINAL REMARKS ON DIABETES RISK
IN PATIENTS TREATED WITH rhGH
DURING CHILDHOOD

The majority of available data suggest that rhGH therapy is
associated with increased risk of type 2 diabetes in patients with
risk factors such as obesity, genetic predisposition and sedentary
lifestyle (Table 1). Furthermore, rhGH therapy may function as an
accelerator in the development of diabetes in patients with
predisposing diseases such as Turner syndrome and organic
GHD. Subjects born small for gestational age represent another
group of patients potentially at risk of type 2 diabetes andmetabolic
syndrome, however, to date, the evidence on long-term metabolic
safety of rhGH therapy in these subjects is reassuring (51, 52).
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Introduction: To analyze the prevalence of brachydactyly type A3 (BDA3) in children with
short stature and the effect on growth hormone (GH) therapy.

Methods: We analyzed the medical records of pediatric patients from July 2009 to July
2021. We included children with short stature defined as their height standard deviation
score (HtSDS) < -2 and normal short height as their HtSDS between -2 and -1. We
calculated the prevalence of BDA3 in different groups and compared the differences in
children’s characteristics and the therapeutic effect of GH therapy between the BDA3 and
no BDA3 groups.

Results: A total of 752 cases were included. The overall prevalence of BDA3 was 23.1%;
with a female predominance (30.8% vs. 16.1%, P < 0.01). BDA3 was more prevalent in
the short stature group (27.2%) than in the normal short stature group (16.7%) and growth
hormone deficiency group (16.5%). Birth length, birth weight, HtSDS, and mid-parental
height of children with BDA3 were lower than those without BDA3, but there were no
significant differences. In patients with Turner syndrome and idiopathic short stature, the
HtSDS of the BDA3 group was significantly lower than that of the no BDA3 group (P <
0.01). During four years of GH therapy, the HtSDS improvement per year in the BDA3
group were 0.79 ± 0.29, 0.50 ± 0.31, 0.20 ± 0.30, and 0.10 ± 0.22, which were not
significantly different from those in the no BDA3 group. At the end of treatment, there were
no significant differences in the duration of treatment and total HtSDS improvement
between these two groups.

Conclusions: BDA3 is more commonly seen in children with short stature with a female
predominance. BDA3 occurrence is independent of the GH pathway and does not affect
the therapeutic effect of GH on short stature children.
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INTRODUCTION

Brachydactyly type A3 (BDA3) is the most common hand
anomaly characterized by a shortened middle phalanx of the
fifth finger (1). BDA3 often occurs as an isolated malformation in
Chinese children, which can be simply identified by a left-hand
wrist X-ray film in pediatric clinics. The prevalence of BDA3
varies significantly among different races, with the highest
prevalence in the Asian population and lowest in European
and African descents. The prevalence of BDA3 ranged from
8.6%–25.6% in Japanese, 1.0%–19.5% in Native Americans, and
0%–2.1% in European and African descents (2, 3). Notably,
Europeans are among the tallest populations worldwide, while
Asians are among the shortest (4); thus, we can assume that the
prevalence of BDA3 in different populations is inversely related
to their average height. The occurrence of BDA3 is related to the
disorder of cartilage ossification at the epiphysis and advanced
closure of the epiphysis, which is also an essential process in
height growth (5). Therefore, BDA3 may be related to height
growth. However, the exact mechanism of BDA3 and its
association with height growth remain unclear.

In recent years, we have observed an increased incidence of
BDA3 during growth and bone age evaluation based on the left-
hand wrist X-ray film in pediatric clinics. Most children visited a
doctor for short stature (6). For short children with BDA3, there
has been no research on whether BDA3 is associated with short
stature and whether growth hormone (GH) therapy can
effectively improve their height compared to those without
BDA3. Therefore, we used real-world data from pediatric
clinics to analyze the prevalence of BDA3 in a short stature
population, the characteristic differences between children with
or without BDA3, and whether GH therapy is effective for short
children with BDA3. These findings can provide evidence for
understanding the relationship between BDA3 and short stature
and can aid in diagnosing and treating children with BDA3 in
clinical practice.
MATERIALS AND METHODS

Data Resource
Medical records were collected retrospectively from the Growth
and Development Clinic of the Capital Institute of Pediatrics,
Beijing, China, from July 2009 to July 2021. Considering that the
physical growth and development level of children with
precocious puberty or advanced development was inconsistent
with their chronological age, which may affect the evaluation of
children’s actual height level, we excluded children diagnosed
with precocious puberty and advanced development with normal
height in this study. Therefore, only complete medical records
with physical measurements, a left-hand wrist X-ray film,
definite diagnosis, regular follow-up, therapy information, and
those with short stature or normal shorter height were included.
Meanwhile, we required a left-hand wrist X-ray film that would
allow precise identification of the presence of BDA3. The
diagnosis of BDA3 for all patients was strictly assigned
following the diagnostic criteria.
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Sample Screen and Division
The height and weight recorded in medical cases were measured
by trained staff or nurses. We calculated the standard deviation
score of patients’ height (HtSDS) and weight (WtSDS) using
Chinese children’s growth references (7). In this study, an HtSDS
of < -1 was defined as normal short height; therefore, cases with
HtSDS of ≥ 1, usually with advanced bone age, were excluded.
We divided all included cases into two groups: those with an
HtSDS < -2 as the short stature group and those with an HtSDS
between -2 and -1 as the normal short group. The screening
procedure is shown in Figure 1.

Definition of BDA3
Figure 2A shows the normal left hand-wrist X-ray file without
BDA3. The definition of BDA3 varies among different studies.
Therefore, we chose a relatively objective definition (8), wherein
BDA3 was considered when the middle phalanx of the fifth
finger was shorter than half of the middle phalanx of the fourth
finger (Figure 2B). All cases met this standard regardless of a
curved middle phalanx of the fifth finger to the radial side
(Figure 2C), or conical epiphysis (Figure 2D) were classified
as the BDA3 group; whereas those who did not satisfy the criteria
were classified as the no BDA3 group. We performed the x-ray
for the purpose of diagnosing BDA3, and bone age was not
analyzed in the study participants. If several left-hand wrist X-ray
film were performed, we only selected their first X-ray film
to analyze.

Statistical Analysis
Statistical analysis was performed using SPSS version 22.0(IBM,
NY, USA). Continuous variables were described as mean ±
standard deviation (SD), and the differences between the
BDA3 and no BDA3 groups were tested using the t-test. The
categorical variables were described by frequency and percentage
n (%), and the differences between different groups were tested
using the c2 test. Statistical significance was set at P < 0.05. The
effects of GH therapy were calculated based on the changes in
children’s HtSDS (DHtSDS) during treatment.
RESULTS

A total of 752 children with short stature or normal short stature
were included in this survey. We included a total of 463 cases of
short stature children, wherein 279 had idiopathic short stature
(ISS), 91 with growth hormone deficiency (GHD), 42 with
Turner syndrome (TS), 27 with small for gestational age
(SGA), and 24 had other conditions (including 11 cases of
hypothyroidism, 8 cases of preterm infants, 3 cases of Noonan
syndrome, 1 case of Laron syndrome, and 1 case of DiGeorge
syndrome). The other 288 patients were in the normal short
group (Table 1).

Among 752 patients, there were 392 boys and 360 girls in
this study. The overall ratio of boys to girls was 1.08:1. In case
of the GHD, ISS, SGA, and normal short stature groups, the
ratios of boys to girls were 2.92:1, 1.06:1, 1.05:1, and 0.93:1,
respectively. The age and HtSDS distributions of all cases are
February 2022 | Volume 13 | Article 824315
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shown in Figure 3. The mean age is 8.8 ± 3.1 years (range 0.3–
16.9 years), and the HtSDS is -2.56 ± 1.24 (range -9.83 to -1.01).

Prevalence of BDA3
The overall prevalence of BDA3 was 23.1% (174/752), with a
higher prevalence in girls at 30.8% (111/360) compared to boys
at 16.1% (63/392) (P < 0.01). Even excluded those girls with
Turner syndrome, the prevalence of BDA3 in girls (29.2%) is still
significantly higher than that in boys (16.1%) (P < 0.01).

We further analyzed the prevalence of BDA3 in the normal
short stature and short stature groups with different etiologies.
Table 1 shows that the prevalence of BDA3 in the short stature
group was 27.2%, which was significantly higher than that in the
normal short group (16.7%). In the short stature group, the
Frontiers in Endocrinology | www.frontiersin.org 341
prevalence of BDA3 in patients with TS and SGA were exceed
40%. The prevalence of BDA3 in patients with GHD was lower
than that in the normal short group. There was only one case of
BDA3 in hypothyroidism and preterm patients. There were
significant differences in the prevalence of BDA3 among the
different groups.

Comparison of Children’s Characteristics
Between the BDA3 and No BDA3 Group
Table 2 shows the general information, birth size, growth level,
and mid-parental height of children in the BDA3 and no BDA3
groups. The chronological age and bone age of children in the
BDA3 group were smaller than those in the no BDA3 group, but
the difference between the chronological age and bone age (BAD)
FIGURE 1 | Screening procedure of survey samples.
A B C D

FIGURE 2 | BDA3 diagnostic diagram. (A) is the normal left hand-wrist X-ray film; (B) is the middle phalanx of fifth finger shorter than half of the middle phalanx of
fourth finger; (C) is the shorter middle phalanx of fifth finger with curved middle phalanx of fifth finger to the radial side; (D) is the shorter middle phalanx of fifth finger
with conical epiphysis; BCD were all diagnosed as BDA3.
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in these two groups was similar. This showed that BDA3 may not
be related to the process of skeletal maturation and bone aging.
Meanwhile, we observed that the birth weight, birth length,
HtSDS, and WtSDS of the BDA3 group were slightly smaller
than those in the no BDA3 group, but there were no significant
differences (P > 0.05) (Table 2). In addition, the mid-parental
height in the BDA3 group was also shorter than that in the no
BDA3 group, which was significantly different in short
stature children.

The short stature group consisted of patients with different
etiologies; therefore, we further compared the HtSDS of children
with different diagnoses to analyze whether patients with BDA3
were shorter than those without BDA3. Figure 4 shows that in all
short stature patients, there was a tendency of the HtSDS of
children with BDA3 slightly lower than those without BDA3, but
the differences were statistically significant only in TS and ISS
patients. In patients with GHD and SGA, there were no
significant differences in HtSDS between the BDA3 and no
BDA3 groups.

Association of BDA3 and the Therapeutic
Effect of GH on Short Stature Children
Among the 463 short stature children in this survey, 346 received
GH treatment for longer than one year. However, patients
Frontiers in Endocrinology | www.frontiersin.org 442
diagnosed with GHD, TS, SGA, and premature birth have
confounding factors, such as growth hormone deficiency,
chromosomal abnormality, and fetal abnormality, which
render the analysis of the impact of BDA3 on the therapeutic
effect of GH impossible. Therefore, we only analyzed whether
BDA3 affected the therapeutic effect of GH in children with ISS
without other confounding factors.

Table 3 shows the age, height, and GH therapeutic effect of
ISS patients with BDA3. ISS patients in the BDA3 group were
younger and shorter than those in the no BDA3 group, but there
was no significant difference in their HtSDS between these two
groups. During the four years of GH therapy, the therapeutic
effect (DHtSDS) decreased annually, and there were no
significant differences in each year’s DHtSDS between the
BDA3 and no BDA3 groups. At the end of treatment, there
were still no significant differences in the duration of treatment
and total DHtSDS between the two groups.
DISCUSSIONS

We analyzed the association of BDA3 with short stature in a
pediatric population. We also investigated the prevalence of
BDA3, response to GH therapy in short stature children with
TABLE 1 | The prevalence of BDA3 in different groups [n (%)].

N BDA3 c2 p

NO YES

Normal short 288 240 (83.3) 48 (16.7) 11.096 0.001
Short stature 463 337 (72.8) 126 (27.2)
ISS 279 199 (71.3) 80 (28.7) 17.841 0.007
GHD 91 76 (83.5) 15 (16.5)
TS 42 24 (57.1) 18 (42.9)
SGA 27 16 (59.3) 11 (40.7)
Others 24 22 (91.7) 2 (8.3)
February
 2022 | Volume 13 | Article 8
BDA3, brachydactyly type A3; ISS, idiopathic short stature; GHD, growth hormone deficiency; TS, Turner syndrome; SGA, small for gestational age.
FIGURE 3 | The age and HtSDS distribution of all cases.
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and without BDA3, and characteristic differences between
children with and without BDA3. The prevalence of BDA3 in
short stature children is higher than that in normal height
children, with a female predominance. BDA3 did not affect the
effect of GH therapy on children with BDA3.

Because left-hand wrist radiography carries a risk of
radioactive exposure, it is difficult to perform large-scale
surveys using this modality in the general population, so there
are almost no studies on the prevalence of BDA3 in China. In this
survey, we found that the total prevalence of BDA3 in short
stature and normal short children was 23.1%, which is
Frontiers in Endocrinology | www.frontiersin.org 543
significantly higher than the 6.95% in a relatively normal
population survey in China (8), and was also higher than that
of Chinese descents in the United States (12.5%) and a previous
small sample survey in China conducted in 1967 (5.0%) (9, 10).
Meanwhile, the prevalence of BDA3 in the short stature group
was 27.2%, which was also significantly higher than that in the
normal short group (16.7%). These results revealed that BDA3 is
more commonly seen in children with short stature. In addition,
BDA3 is more commonly seen in girls than in boys, which is
consistent with the conclusions of other Asian populations (11).
In a series of surveys on the Japanese population from 1942 to
FIGURE 4 | Effect of BDA3 in children’s HtSDS with different etiologies. ** means that there is a significant difference p < 0.01.
TABLE 2 | The comparison of children’s characteristics between BDA3 and no BDA3 group (Mean ± SD).

BDA3 Difference
(95%CI)

t p

NO YES

Normal short group
N 240 48
Chronology age (y) 9.5 ± 2.5 8.9 ± 2.7 0.72 (-0.06,1.51) 1.813 0.071
Bone Age (y) 9.6 ± 2.6 8.5 ± 2.8 1.09 (0.02,2.16) 2.007 0.047
BAD (y) 0.2 ± 0.9 0.3 ± 0.9 -0.04 (-0.34,0.28) -0.233 0.816
Birth Weight (kg) 3.14 ± 0.52 3.11 ± 0.46 0.03 (-0.14,0.19) 0.356 0.772
Birth Length (cm) 49.4 ± 2.1 48.9 ± 2.4 0.44 (-0.45,1.33) 0.983 0.327
HtSDS -1.54 ± 0.26 -1.60 ± 0.29 0.05 (-0.03,0.14) 1.325 0.186
WtSDS -1.00 ± 0.80 -1.15 ± 1.06 0.16 (-0.11,0.42) 1.151 0.251
Mid-Parent Height (cm) 164.0 ± 7.2 161.7 ± 7.3 2.27 (-0.06,4.60) 1.919 0.056

Short stature group
N 337 126
Chronology age (y) 8.5 ± 3.5 8.0 ± 3.4 0.48 (-0.21,1.19) 1.355 0.176
Bone Age (y) 7.8 ± 3.3 7.1 ± 3.4 0.76 (-1.33,1.64) 1.674 0.095
BAD (y) 1.4 ± 1.7 1.1 ± 1.4 0.26 (-0.11,0.63) 1.385 0.167
Birth Weight (kg) 3.06 ± 0.53 2.98 ± 0.48 0.08 (-0.04,0.19) 1.355 0.176
Birth Length (cm) 49.3 ± 2.1 48.8 ± 1.9 0.57 (-0.10,1.25) 1.672 0.096
HtSDS -3.17 ± 1.23 -3.22 ± 1.11 0.05 (-0.20,0.30) 0.396 0.692
WtSDS -1.99 ± 0.94 -2.08 ± 0.99 0.09 (-0.11,0.29) 0.897 0.370
Mid-Parent Height (cm) 163.6 ± 7.7 160.7 ± 7.2 2.9 (1.3,4.5) 3.607 0.000
February 2022
 | Volume 13 | Article 8
BDA3, brachydactyly type A3; BAD, Chronology age- Bone Age; HtSDS, height standard deviation score; WtSDS, weight standard deviation score; Mid-Parent Height, (father height +
mother height ±13cm)/2.
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1973 and one survey on the Japanese descents in the United
States, a female predominance was likewise noted (2, 12). In
other surveys in Native Americans, Mexico, and Pacific island
countries, BDA3 is also more frequently seen in females (12–14).
However, this phenomenon was not observed in Caucasians
(15). The reason why BDA3 is more common in short children
and girls needs to be explained by its exact mechanism.

The mechanism and pathogenic gene of BDA3 remain
unclear. This may be a combination of complicated
mechanisms involving multiple genes and pathogenic
pathways. In recent years, it has been found that BDA3 may
be an autosomal dominant condition with an obvious familial
genetic tendency (1). A Chinese study in 2020 stated that the
deletion of the HOXD13 gene is related to the occurrence of
familial BDA3 and BDA4 (16). Vasques et al. reported that
BDA3 was observed in 64.3% of hand radiographs from
individuals heterozygous from IHH variants initially classified as
ISS (17). However, Williams et al. did not support the autosomal
dominant inheritance model of BDA3 (2). In this study, we found
that the prevalence of BDA3 in children with chromosomal
abnormalities such as TS was 42.9%, suggesting that the deletion
Frontiers in Endocrinology | www.frontiersin.org 644
of specific spots on the X chromosome may be related to the
occurrence of BDA3. Otherwise, BDA3may occur in the fetus and
is related to the abnormal development of the fetus during the first
nine weeks of pregnancy (18), which directly affects the birth
weight and body length of the fetus. The prevalence of more than
40% of BDA3 in SGA children in this study also indirectly
confirms the above conclusion. However, some children with
BDA3 grow normally during fetal development (delivered with a
normal birth length according to standardized growth charts) but
later exhibit short stature as they age, as seen in the patients with
ISS. Therefore, the prevalence of BDA3 in children with ISS is also
higher than in normal children, and this often results in a shorter
adult height (18). In addition, BDA3 can appear in some
syndromes such as Silver Russell syndrome, Coffin-Siris
syndrome, Down syndrome (5, 19), and a pair of identical twin
girls (8). Further research needs to confirm whether the specific
pathogenesis of BDA3 involves autosomal, sex chromosomes, or
multiple etiologies. We only know that the prevalence of BDA3 in
GHD patients is relatively low, even lower than that in the normal
short group, which may imply that the occurrence of BDA3 is
independent of GH secretion.
TABLE 3 | The therapeutic effects of GH on ISS patients in BDA3 and no BDA3 group (mean ± SD).

BDA3 t p

NO YES

Start of therapy
N 153 55

Age(y) 8.4 ± 3.3 8.0 ± 3.4 0.747 0.456
Height(cm) 118.2 ± 16.1 114.9 ± 17.4 1.290 0.199
Mid-Parent Height (cm) 162.7 ± 7.9 160.1 ± 8.0 1.990 0.048
HtSDS -2.54 ± 0.56 -2.70 ± 0.69 1.690 0.092
GH dose(IU/kg/d) 015 ± 0.02 0.16 ± 0.02 -1.928 0.055

After 1st year of therapy
N 147 48

Height(cm) 127.0 ± 16.0 123.8 ± 17.7 1.174 0.242
HtSDS -1.78 ± 0.59 -1.96 ± 0.81 1.669 0.097
DHtSDS1st 0.77 ± 0.39 0.79 ± 0.29 -0.292 0.771

After 2nd year of therapy
N 96 34

Height(cm) 135.0 ± 15.1 128.3 ± 15.3 2.053 0.042
HtSDS -1.35 ± 0.69 -1.55 ± 0.89 1.371 0.173

DHtSDS2nd 0.45 ± 0.31 0.50 ± 0.31 -0.823 0.412
After 3rd year of therapy
N 40 19

Height(cm) 140.6 ± 12.6 128.1 ± 17.9 3.002 0.004
HtSDS -1.00 ± 0.67 -1.30 ± 0.90 1.458 0.150
DHtSDS3rd 0.28 ± 0.22 0.20 ± 0.30 1.167 0.248

After 4th years of therapy
N 23 8

Height(cm) 144.7 ± 13.7 125.3 ± 3.7 3.928 0.001
HtSDS -0.90 ± 0.59 -1.02 ± 0.52 0.507 0.616
DHtSDS4th 0.23 ± 0.34 0.10 ± 0.22 1.064 0.297

The end of therapy
N 153 55

Age(y) 11.1 ± 3.3 10.8 ± 3.3 0.511 0.610
GH therapy time(m) 28.5 ± 16.4 29.3 ± 19.2 -0.293 0.770
Height(cm) 138.3 ± 17.4 135.6 ± 15.6 1.019 0.310
HtSDS -1.25 ± 0.76 -1.39 ± 0.77 1.168 0.244
DHtSDS total 1.29 ± 0.69 1.31 ± 0.68 -0.212 0.832
Februa
ry 2022 | Volume 13 | Article 8
Mid-Parent Height, (father height + mother height ±13cm)/2; HtSDS, height standard deviation score; DHtSDS, the changes in children’s HtSDS during treatment.
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BDA3 did not affect the therapeutic effect of GH on short-
stature children. Table 3 shows no significant differences in
DHtSDS between the BDA3 and no BDA3 groups during the
first, second, third, and fourth years of GH therapy. At the end of
the therapy, there were no differences in HtSDS and total
DHtSDS between the two groups. This further confirmed that
BDA3 has nothing to do with the GH pathway, and short stature
children with simple BDA3 can also improve their height by GH
therapy similar to those without BDA3. Pereda and Vasques
have confirmed that GH therapy can improve the height of
children with short stature with other types of brachydactyly, but
their study had no normal control group (6, 17, 20). Besides, our
study suggests that BDA3 was not related to the process of
skeletal maturation, bone aging, and the degree of short stature,
which may be due to the relatively small sample of children in
this study. So further longitude study is still needed to explore the
relationship between BDA3, skeletal maturation process, and
adult short stature.

So far, this is the first study on the effect of BDA3 on the
therapeutic effects of GH in short stature children. The strength
of this study is the longitudinal follow-up data of GH therapy on
short stature children with BDA3. However, our study also has
some limitations. First, in this study, medical records from July
2009 to July 2021 were retrospectively analyzed. Before 2015, the
clinical application of second-generation sequencing technology
was very limited. Therefore, some short stature children with
bone abnormalities or bone genetic disorder were not definitely
diagnosed with these conditions. After 2015, almost all short
stature children with multiple skeletal deformities were evaluated
by a geneticist. However, in this study, we only included children
with isolated brachydactyly type A3 (BDA3) and not those with
syndromic forms of BDA3. Second, cross-sectional data were
collected from a single pediatric clinic, so the sample is relatively
small and cannot represent all kinds of short-stature children.
Therefore, whether BDA3 can aggravate short stature in children
still needs to be verified using larger sample surveys. Third, this
study did not include genetic characteristics and whole family
spectrum analyses of BDA3 patients, so we cannot distinguish
whether BDA3 is hereditary or spontaneous, and weather
different kind of BDA3 has different effect on children’s height
growth and their therapeutic effect of GH.
CONCLUSIONS

In conclusion, BDA3 is more commonly seen in short stature
children than in normal height populations and manifests
predominantly in girls. BDA3 occurrence is independent of the
Frontiers in Endocrinology | www.frontiersin.org 745
GH pathway and does not affect the therapeutic effect of GH on
short-stature children. However, the mechanisms and
pathogenic genes of BDA3 are not clear. Therefore, further
research should include genetic characteristics and whole
family spectrum analyses of BDA3 patients to explore the
inheritance and pathogenesis mechanism of this disease.
DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.
ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Ethical Review Committee of the Capital Institute of
Pediatrics. Written informed consent to participate in this study
was provided by the participants’ legal guardian/next of kin.
AUTHOR CONTRIBUTIONS

HW was involved in data collecting and review, in charge of this
paper’s results interpretation and paper writing. HL was in
charge of survey design, data review supervision, results
interpretation, and paper writing. YL was involved in data
collecting and review. All authors agreed with the data
interpretation and approved the final version of the manuscript.
FUNDING

This study was supported by The Special Fund of the Pediatric
Medical Coordinated Development Center of Beijing Hospitals
Authority (XTZD20180403), Public service development and
reform pilot project of Beijing Medical Research Institute
(BMR2019-11), and CAMS Innovation Fund for Medical
Sciences (CIFMS) (2016-I2M-1-008).
ACKNOWLEDGMENTS

We greatly appreciate all patients and their parents included in
this survey and other participants in physical examination, bone
age film shooting, and medical cases management.
REFERENCES

1. Temtamy SA, Aglan MS. Brachydactyly. Orphanet J Rare Dis (2008) 3:15.
doi: 10.1186/1750-1172-3-15

2. Williams KD, Blangero J, Cottom CR, Lawrence S, Choh AC, Czerwinski SA,
et al. Heritability of Brachydactyly Type A3 in Children, Adolescents, and
Young Adults From an Endogamous Population in Eastern Nepal. Hum Biol
(2007) 79:609–22. doi: 10.1353/hub.2008.0016
3. WilliamsKD,Nahhas RW,CottomCR, Lawrence S, Subedi J, Jha B, et al. Evaluation
of Qualitative Methods for Phenotyping Brachymesophalangia-V From
Radiographs of Children. Am J Hum Biol (2012) 24:68–73. doi: 10.1002/ajhb.22205

4. Rodriguez-Martinez A, Zhou B, Sophiea MK, Bentham J, Paciorek CJ, Iurilli
ML, et al. Height and Body-Mass Index Trajectories of School-Aged Children
and Adolescents From 1985 to 2019 in 200 Countries and Territories: A Pooled
Analysis of 2181 Population-Based Studies With 65Million Participants. Lancet
(2020) 396:1511–24. doi: 10.1016/S0140-6736(20)31859-6
February 2022 | Volume 13 | Article 824315

https://doi.org/10.1186/1750-1172-3-15
https://doi.org/10.1353/hub.2008.0016
https://doi.org/10.1002/ajhb.22205
https://doi.org/10.1016/S0140-6736(20)31859-6
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles


Wu et al. BDA3 in Short Stature Children
5. Yang X. Etiology, Classification and Treatment of Brachydatyly J. J Tissue Eng
Reconstr Surg (2015) 11:389–95. doi: 10.3969/j.issn.1673-0364.2016.06.012

6. Xuyun H, Di W, Mengtin L, Jiajia C, Xiaoqiao L, Chang S, et al. Gene
Mutations and Clinical Phenotypes in Three Families With Short Stature and
Brachydactyly and Review of Literature. J Capital Med Univ (2018) 39:937–
44. doi: 10.3969/j.issn.1006-7795.2018.06.025

7. Li H, Ji CY, Zong XN, Zhang YQ. Height and Weight Standardized Growth
Charts for Chinese Children and Adolescents Aged 0 to 18 Years. Zhonghua
Er Ke Za Zhi (2009) 47:487–92. doi: 10.3760/cma.j.issn.n0578-
1310.2009.07.003

8. Shan Y, Baosheng Y, Lanying G, Anru W. Detection Rate of
Brachydachydactyly Type A3 in 1208 Han Chinese Children. Chin J Appl
Clin Pediatr (2018) 33:1586–7. doi: 10.3760/cma.j.issn.2095-428X.2018.20.016

9. Hertzog K. Shortened Fifth Medial Phalanges. Am J Phys Anthropol (1967)
27:113–8. doi: 10.1002/ajpa.1330270202

10. Garn SM, Fels SL, Israel H. Brachymesophalangia of Digit Five in Ten
Populations. Am J Phys Anthropol (1967) 27:205–10. doi: 10.1002/
ajpa.1330270208

11. Takatama H, Minooka M. Studies of the Brachymesophalangia of the Little
Finger in the Ainu and Japanese Schoolchildren in Niikappu, Hokkaido
Sapporo. Med J (1976) 45:166–76. doi: 10.15114/smj.45.166

12. Greulich W. The Incidence of Dysplasia of the Middle Phalanx of the Fifth
Finger in Normal Japanese, in Some American Indian Groups, and in
Caucasians With Down’s Syndrome. In: N Kretchmer, DN Walcher,
editors. Environmental Influences on Genetic Expression: Biological and
Behavioral Aspects of Sexual Differentiation. Bethesda, MD: National
Institutes of Health (1970). p. 91–105.

13. Brown T, Lambert W, Pinkerton SK. Brachymesophalangia-5 in a Group of
Australian Aboriginals. Hum Biol (1980) 52:651–9.

14. Abbie AA. Brachymesophalangy V in Australian Aborigines. Med J Aust
(1970) 2:736–7. doi: 10.5694/j.1326-5377.1970.tb63148.x

15. Buschang PH, Malina RM. Brachymesophalangia-V in Five Samples of
Children: A Descriptive and Methodological Study. Am J Phys Anthropol
(1980) 53:189–95. doi: 10.1002/ajpa.1330530203
Frontiers in Endocrinology | www.frontiersin.org 846
16. Zhang M, Lu L, Wei B, Zhang Y, Li X, Shi Y, et al. Brachydactyly Type A3 is
Caused by a Novel 13 Bp HOXD13 Frameshift Deletion in a Chinese Family.
Am J Med Genet A (2020) 182:2432–6. doi: 10.1002/ajmg.a.61788

17. Vasques GA, Funari MFA, Ferreira FM, Aza-Carmona M, Sentchordi-
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Context: Clinical genetic evaluation has been demonstrated as an important tool to
elucidate the causes of growth disorders. Genetic defects of collagen formation (the
collagenopathies) have been reported to be associated with short stature and skeletal
dysplasias. Etiological diagnosis of skeletal abnormality-related short stature is
challenging, and less is known about recombinant human growth hormone (rhGH)
therapy.

Objective: This is a single-center cohort study which aims at exploring the genetic
architecture of short-stature children with skeletal abnormalities and evaluating the
frequency of collagenopathies to determine their phenotype, including the rhGH
treatment response.

Patients and Methods: One hundred and six children with short stature and skeletal
abnormalities were enrolled who were evaluated by next-generation sequencing (NGS) to
detect variants in the skeletal collagen genes including COL1A1, COL1A2, COL2A1,
COL9A1, COL9A2, COL9A3, COL10A1, COL11A1, and COL11A2. The results were
evaluated using American College of Medical Genetics and Genomics (ACMG) guidelines.
Clinical characteristics and rhGH treatment response were summarized.

Results: Twenty-four pathogenic or likely pathogenic variants of collagen genes were
found in 26 of 106 (24.5%) short-stature patients with skeletal abnormalities, of which
COL2A1mutations were the most common, accounting for about 57.7%. Other frequent
mutations associated with skeletal development include FGFR3, ACAN, NPR2, COMP,
and FBN1 in 12.2%, 0.9%, 0.8%, 0.4%, and 0.4%, respectively, resulting in significantly
different degrees of short stature. An overview of clinical features of collagenopathies
showed growth retardation, skeletal abnormalities, and heterogeneous syndromic
abnormalities involving facial, eye, hearing, and cardiac abnormalities. The average
height of 9 patients who received rhGH treatment improved from a median of -3.2 ±
0.9 SDS to -2.2 ± 1.3 SDS after 2.8 ± 2.1 years. The most significant height improvement
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of 2.3 SDS and 1.7 SDS was also seen in two patients who had been treated for more
than 6 years.

Conclusions: A proband-based NGS revealed that distinct genetic architecture underlies
short stature in varying degrees and clinical features. Skeletal abnormality-related short
stature involving multiple systems should be tested for skeletal collagen gene mutation.
Limited rhGH treatment data indicate an improved growth rate and height, and close
monitoring of adverse reactions such as scoliosis is required.
Keywords: short stature, skeletal abnormalities, collagenopathies, next-generation sequencing, growth
hormone treatment
INTRODUCTION

Childhood linear growth is the result of chondrogenesis at the
skeletal growth plate, the structure responsible for bone
elongation and therefore overall body size (1). Recently,
findings have uncovered a vast array of regulatory systems that
implicate multiple aspects of the growth plate and long bone
development and an accompanying vast array of genetic defects
that can cause disorders of linear growth (2). Some sequence
variations in genes affecting growth plate function can produce a
phenotypic spectrum of short stature with skeletal dysplasia,
ranging from severe skeletal deformity to disproportionately
short stature, most of which show severe short stature (2). The
etiological diagnosis for short stature with skeletal abnormalities
is still a clinical challenge, and therapy for improving their severe
short stature has been rarely attempted.

With the advances of broad sequencing approaches, clinical
genetic evaluation has been demonstrated as an important tool to
elucidate the causes of growth disorders from among the myriad
possibilities, and an increasing number of short stature-
associated genes have been discovered. These causative genes
are involved in the physiological processes of the growth plate
and long bone development, including normal production and
action of multiple hormones, paracrine signaling, and
extracellular matrix (ECM) molecules (e.g., cartilage oligomeric
matrix protein, aggrecan, several different types of collagens
produced by chondrocytes), as well as the normal function of
multiple intracellular processes required for chondrocyte
proliferation, hypertrophy, and extracellular matrix production
(2, 3). Some typical genetic syndromes have been identified, such
as Laron syndrome (MIM #262500) related to GHR, Leri–Weill
dyschondrosteosis (MIM #127300) related to SHOX, Noonan
syndrome (MIM #163950), and Silver–Russell syndrome (MIM
#180860), which are associated with short stature and various
multiorgan malformations (4–6). Genetic disorders associated
with skeletal dysplasia include many genes involved in growth
plate development, such as FGFR3, ACAN, NPR2, FBN1, and
IHH, which can cause varying degrees of short stature with or
without other minor abnormalities (7, 8). Recently, not only for
ACAN (aggrecan) and COMP (cartilage oligomeric matrix
protein) in ECM components but also for NPR2 (natriuretic
peptide receptor 2) in paracrine signaling, we reported the
phenotypic and genotypic spectra and efficacy of GH therapy
n.org 248
for height gain. For collagen, the most abundant protein in the
human body, however, the prevalence of collagen gene mutation
in short-stature patients with skeletal abnormalities is yet
unknown, the current clinical manifestations of the disease are
heterogeneous, and the response data of growth hormone
therapy are limited. Collagen types II, IX, X, and XI are
present in a growth plate important to long bone development
and joint health, and type I collagen is the primary collagen in
bone for bone formation, growth, and remodeling, and
subsequently mineralization to form bone tissue. Mutations in
genes that encode skeletal collagen are not uncommon in the
genetic causes for growth defects with skeletal abnormalities (9).

Subsequently, we analyzed 106 children with short stature by
using a gene panel for short stature and whole-exome sequencing
(WES) from our single-center cohort and searched for variants in
the skeletal collagen genes. Variant interpretation, genotype–
phenotype analyses, and the response to rhGH treatment of
skeletal abnormality-related short stature were investigated.
PATIENTS AND METHODS

Patients
One hundred and six children with short stature and skeletal
abnormalities in our endocrinology department were included,
64 of whom received WES and 42 of whom received a short
stature-targeted gene panel sequencing. Skeletal abnormalities
were characterized by an intrinsic abnormality in growth and
(re-)modeling of cartilage and bone, including the whole-body
skeleton of axial bones, limbs, and craniofacial bones, which were
assessed by a professional physician through physical
examination and measurements. All probands fulfilled the
following diagnostic criteria: height standard deviation (SD)
≤ -2 with skeletal abnormalities, absence of abnormal findings
on clinical examination or in laboratory tests that could account
for short statures, such as hypothyroidism and GHD, and known
Noonan syndrome and Turner syndrome. Clinical materials of
the first and follow-up visits of the probands, including history-
taking, physical examination, and auxiliary examination, were
collected. Information about rhGH therapy was also reviewed
and recorded. Peripheral blood samples of patients and their
available relatives were collected, and genomic DNA was
obtained from peripheral blood leukocytes by using
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standard techniques. The patients or guardians signed informed
consent forms regarding the research, and this study was
performed with the approval of the Ethics Committee of
Peking Union Medical College Hospital.
Whole-Exome Sequencing
The 3-mg genomic DNA concentrations were sheared with a
Covaris LE220 ultrasonic instrument (MA, USA) to a target of
100–500-bp average size. Then, the DNA fragments with a main
fragment size of 150–200 bp were screened by magnetic beads to
create a DNA library for each subject. The library was
qualitatively controlled by Agilent 2100 Bioanalyzer (BGI,
Shenzhen, China). All amplified libraries were subsequently
sent to BGI for circularization and sequencing on the BGISEQ-
500 platform, and the primary sequencing data were read out. To
detect the potential variants in the family, bioinformatics
processing and data analysis were performed after receiving the
primary sequencing data. Sequencing data were aligned to the
human genome reference (hg19) using the BWA (Burrows–
Wheeler Aligner) Multi-Vision software package to analyze
single-nucleotide variants (SNVs) and INDEL calling (10). All
SNVs and indels were filtered and estimated via multiple
databases, including NCBI dbSNP, HapMap, 1000 human
genome dataset, and database of 100 Chinese healthy adults.
Targeted Sequencing
A capture panel (NimbleGen, Madison, USA) of short-stature
genes was previously designed and assessed by our group. The
capture panel covered all exons together with the flanking exon
and intron boundaries (± 15 bp) of 466 genes. Sequencing was
performed on an Illumina HiSeq 2500 or HiSeq 2000 platform in
paired-end mode. In-house bioinformatic analysis was
performed. The sequences were aligned to the reference human
genome (HG19/HG20). The probe size was about 2.427 MB, and
the theoretical capture efficiency of the probe was 98.83%.
Data Analysis
To predict the effect of variants, we used in silico prediction
programs to assess (PolyPhen-2, Mutation Taster, Provean, and
scale-invariant feature transform [SIFT]). Pathogenic variants
were under the protocol issued by American College of Medical
Genetics and Genomics (ACMG) guidelines (11). The Human
Gene Mutation Database (HGMD) was used to screen mutations
reported in published studies. All the potential pathogenic
variants observed by whole-exome and targeted panel
sequencing as well as segregation analysis within family
members were validated and genotyped by Sanger sequencing.
Statistical analysis was performed using SPSS.25 software. All
charts were completed in GraphPad Prism 8.0.2 software.
Wilcoxon signed-rank test was used to explore the difference
of height SDS in patients before and after rhGH treatment. The
Kruskal–Wallis rank test was used to compare the height SDS
and the height SDS changes after rhGH treatment in patients
with collagen genes, ACAN, and NPR2 mutations. p <0.05 was
considered statistically significant.
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RESULTS

Genetic Architecture of Short Statue With
Skeletal Abnormalities
Sixty-five patients were identified with genetic defects of cartilage
extracellular matrix components in the 106 short-stature
individuals with skeletal abnormalities, including 26 with collagen
genes, 10 with ACAN, 4 with COMP, and 4 with fibrillin-1 (FBN1)
mutation. Other frequent mutations in paracrine signaling of the
growth plate development includefibroblast growth factor receptor
3 (FGFR3) covering 12.3% (13/106), NPR2 covering 7.5% (8/106),
and fibroblast growth factor receptor 3 (PTH1R) (n = 2). The
remaining causal genes were associated with a fundamental cellular
process, including TRPV4 (n = 5), SHOX (n = 3), KIF22 (n = 2),
TRAPPC2 (n = 1), ARSL (n = 1), RUNX2 (n = 1), CENPJ (n = 1),
FAM111A (n=1), andpathogenic copynumber variant (CNV) (n=
1) (Figure 1 and Table S1).

Among this cohort, a total of 24 pathogenic or likely
pathogenic rare variants in collagen genes were identified in 26
(24.5%) of the 106 short-stature individuals with skeletal
abnormalities as per the ACMG guidelines, of which 5 variants
were classified as pathogenic and 19 as likely pathogenic
(Table 1). Type II collagenopathies were the most common.
Fifteen patients, accounting for about 57.7%, had variants in the
COL2A1, 3 had variants in the type IX collagen gene, 4 had
variants in the type X collagen gene, and 2 had type XI collagen
gene variants and 3 had variants in the type I collagen genes.
Types of variant alleles include 18 (75.0%) missense mutations, 3
(12.5%) splicing mutations, 2 (8.2%) nonsense mutations, and 1
(4.2%) in-frame insertion mutation. Except for 4 biallelic
heterozygous mutations, all the others were monoallelic
heterozygous mutations. The results are summarized in
Table 1. The mutations mainly occurred in the triple-helical
region (17/24, 70.8%), followed by the C-terminal non-
collagenous (NC1) domain (5/24; 20.8%) and the N-terminal
non-collagenous (NC2) domain (2/24; 8.3%). Twenty-two of the
variants are absent in public databases, whereas the c.1557
+5C>T variant in COL11A2 has been identified in 1/7,442 of
East Asian chromosomes by the Exome Aggregation Consortium
(ExAC, http://exac.broadinstitute.org), and the c.580G>A in
COL2A1 is present at an extremely low allelic frequency
(4/140282) in gnomAD.

Clinical Phenotypes of Patients With
Collagen Gene Mutation
The growth and phenotypic characteristics of individuals with
collagen gene variations enrolled in the study are outlined in
Table 2 . The average age of patients with skeletal
collagenopathies in this cohort was 7.4 ± 4.0 years for the 16
males and 10 females, and their bone age was consistent with
chronological age with 6.9 ± 4.1 years, but we observed two type IX
collagenopathy patients with a delayed bone age by about 3 years.
The overall growth characteristics of patientswith collagenopathies
indicate growth retardation: four (33.3%) were born with small for
gestational age (SGA); their average height Z-scores before rhGH
treatment was -3.6 ± 1.4, and the calculated growth rate from 19
available individuals was 5.1 ± 1.7 cm/year. The average Z-score for
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weight and body mass index (BMI) was -1.3 ± 1.2 and 0.6 ± 1.4,
respectively. Thirty-ninepercent (9/23)wasoffamilial short stature.
The patients with proven collagenopathy and their affected parents
had amedianheight Z score of -3.6± 1.3 and -4.1± 1.7, respectively.

The main clinical manifestations are growth retardation,
skeletal abnormalities, and heterogeneous syndromic
abnormalities involving facial, eye, hearing, and cardiac
abnormalities. All patients had skeletal abnormalities, among
which limb abnormalities and spinal deformities are the most
common, accounting for 57.7% and 53.8%, respectively. The
main manifestations of bone involvement in skeletal
collagenopathies include shorting and curving of long bone or
phalanges of extremities, metaphyseal dysplasia of spine and
limbs, arthrogryposis, joint laxity, scoliosis, or kyphosis. In
addition, chest deformity, mainly presented as pectus
carinatum, was also observed in 8 patients (30.8%). Fifty-eight
percent of cases had facial abnormalities commonly observed in
patients, mainly a low nasal bridge, high-arched palate, small
jaw, or big or prominent ears. Cleft palate was observed in two
patients with type II and one with type XI collagen gene
mutations, and blue sclera was observed in two patients with
type I and one with type IX collagen gene mutations. In addition,
there were a small number of patients with other system defects,
such as three with heart defects, three with congenital cataracts,
strabismus, or amblyopia, and two with mixed deafness or ear
deformity and congenital aural atresia.

Phenotypic and Genotypic Analyses of
Short Statue With Skeletal Abnormalities
Our data obtained from 15 probands with 12 kinds of COL2A1
mutations showed that the phenotypic spectrum of COL2A1
mutations included spinal deformity, abnormal cartilage
Frontiers in Endocrinology | www.frontiersin.org 450
development, midface hypoplasia, and ocular abnormalities.
Almost all showed spine deformity including scoliosis, lordosis,
dysplasia, and osteoporosis. The clinical manifestations of three
boys (P.11, P.12, P.13 shown in Table S2) from three
independent families with the same hot spot mutation
(p.Arg989Cys) were consistent with spondyloepimetaphyseal
dysplasia Strudwick type (SEDC) (MIM #184250), of which
P.12 and P.13 had more severe skeletal manifestations and
were diagnosed at 5.3 and 6.8 years of age, respectively, while
P.11 was the milder type and diagnosed at a later age of 14.8
years. One novel missense variant (p.Ala194Thr) was identified
and confirmed to segregate with the autosomal dominant short-
stature phenotype in a family (P.3), which showed only short
stature and flat round face with no obvious skeletal deformity in
P.4. Besides, P.7 carries pathogenic variants in both COL2A1 and
COL9A2 mutations resulting in a more severe skeletal deformity
and short-trunk dwarfism, while the other two patients (P.16,
P.17) in our study only carrying COL9A1/COL9A2mutation had
very mild symptoms, with only mild chondrodysplasia.

In the data obtained from three probands in two independent
families with COL10A1mutations, one missense variant 1766T>G
(p.Phe589Cys) was de novo paternity and maternity confirmed in
two identical twin brothers (P.18, P.19), and one truncating
mutation c.1858_1865del CCTGTAAT (p.Pro620Valfs*4) was
confirmed to segregate with the autosomal-dominant short-
stature phenotype in five affected family members (P.21). Both
types of mutations were located in the NC1 domain. All three
probands and affected relatives exhibited typical metaphyseal
chondrodysplasia type Schmid (SMCD) (MIN #156500)
phenotypes with short bowed limbs, valgus knees, pronounced
lumbar lordosis, posterior flexion of hips, enlarged large joints, and
a faltering gait, which were consistent with radiographical findings.
FIGURE 1 | Genetic architecture of short statue with skeletal abnormalities from a single center. Other genes include PTH1R, TRPV4, SHOX, KIF22, TRAPPC2,
ARSL, RUNX2, CENPJ, FAM111A, CNV (copy number variant), and some unknown causative genes.
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In addition, the proband with truncating mutations was born with
flexion of the legs and had more severe forms of SMCD with
additional manifestations such as short neck, pectus carinatum,
beaded ribs, andwidened epiphysis of the ribs. The two cases caused
bymissense variants exhibited relatively late-onset ages at around 2
years of age and mild or moderate manifestations.

Two novel variants in the type XI collagen gene were
identified with one missense variant of COL11A1 [c.739G>T
(p.Ala247Ser)] and one splice site alteration of COL11A2 (c.1557
Frontiers in Endocrinology | www.frontiersin.org 551
+5C>T). The girl (P.22) with the COL11A1 mutation had a
phenotype consistent with mild Marshall syndrome (MIM
#154780), with midfacial hypoplasia, cleft palate, a less severe
ocular presentation, but striking ocular hypertelorism, and short
stature with spondyloepiphyseal dysplasia (12). The boy (P.23)
with a COL11A2 splice site alteration was characterized by
Stickler syndrome (MIM #108300) with congenital cataract,
sensorineural deafness, relatively short extremities with elbows
valgus and joints pain, and typical midface hypoplasia.
TABLE 1 | In silico analysis and ACMG/AMP classification of collagen gene identified variants.

cDNA variant Mutation
status

Domain Mutation
taster

Polyphen-2 Provean SIFT ACMG-AMP
classification

COL2A1
c.196G>A(Asp66Asn) Comhete. NC2 domain 0.999/D 0.094/B -0.83/N 0.17/N Likely pathogenic
c.580G>A(p.Ala194Thr) Heter. NC2 domain 0.897/D 0.897/PD -0.94/N 0.06/T Likely pathogenic
c.1124G>T(p.Gly375Val) Heter. Triple-helical

region
0.999/D 0.999/PD -6.86/D 0.00/D Likely pathogenic

c.1160G>A(p.Gly387Asp) Heter. Triple-helical
region

0.999/D 0.999/PD -5.33/D 0.00/D Likely pathogenic

c.1202C>T (p.Pro401Leu) Heter. Triple-helical
region

0.999/D 0.999/PD -1.24/N 0.07/T Likely pathogenic

c.1680+8_1680+9delGCinsTA Heter. Triple-helical
region

NA NA NA NA Likely pathogenic

c.1789G>A(p.Gly597Arg) Heter. Triple-helical
region

0.999/D 1.000/PD -6.93/D 0.00/D Likely pathogenic

c.2302-10C>T Comhete. Triple-helical
region

NA NA NA NA Likely pathogenic

c.2401G>A(p.Gly801Ser) Heter. Triple-helical
region

0.999/D 0.999/PD -5.46/D 0.00/D Likely pathogenic

c.2725G>A(p.Gly909Ser) Heter. Triple-helical
region

0.999/D 0.999/PD -5.07/D 0.00/D Likely pathogenic

c.2965C>T(p.Arg989Cys) Heter. Triple-helical
region

0.999/D 0.998 -7.09/D 0.00/D Pathogenic

c.3472G>T(p.Gly1158Cys) Heter. Triple-helical
region

0.999/D 1.000/PD -8.41/D 0.00/D Likely pathogenic

COL9A1
c.2636C>A(p.Pro879His) Heter. Triple-helical

region
0.999/D 0.997 -3.20/D 0.01/D Likely pathogenic

COL9A2
c.185C>T(p.Pro62Leu) Heter. Triple-helical

region
0.999/D 0.05/B -3.46/D 0.076/T Likely pathogenic

c.1243G>C(p.Gly415Arg) Heter. Triple-helical
region

1.000/PD -6.67/D 0.00/D Likely pathogenic

COL10A1
c.1471C>T(p.Pro491Ser) Heter. Triple-helical

region
0.999/D 0.509/D -1.86/N 0.09/T Likely pathogenic

c.1766T>G(p.Phe589Cys) Heter. NC1 domain 0.999/D 1.000/PD -4.00/D 0.01/D Likely pathogenic
c.1858_1865del CCTGTAAT (p.Pro620Valfs* 4) Heter. NC1 domain 1.000/D NA NA NA Pathogenic
COL11A1
c.739G>T(p.Ala247Ser) Heter. NC1 domain 0.999/B 1.000/B -0.44/N 0.80/T Likely pathogenic
COL11A2
c.1557+5C>T Heter. Triple-helical

region
NA NA NA NA Likely pathogenic

COL1A1
c.1386delT (p.Ala463Leufs*78) Heter. Triple-helical

region
1.000/D NA NA NA Pathogenic

COL1A2
c.2121_2122ins GCTGGTCCT (Pro707_Arg7
08insAlaGlyPro)

Comhete. Triple-helical
region

1.000/D NA NA NA Pathogenic

c.3583T>C(p.Cys1195Arg) Comhete. NC1 domain 0.999/D 1.000/PD -10.31/D 0.00/D Likely pathogenic
c.3997A>G(p.Thr1333Ala) Heter. NC1 domain 0.999/D 0.999/PD -4.07/D 0.00/D Likely pathogenic
Febru
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Three patients with mutations in genes encoding type I collagen
(COL1A1 and COL1A2) were identified, and their skeletal
abnormalities were characterized primarily by osteoporosis, with
less commonabnormalities in the limbbonesand skull. Inaddition to
skeletal abnormalities, they also have abnormalities in many organs,
such as cardiovascular, joints, ligaments, midface development, and
ocular anomalies. One patient (P.26) with biallelic heterozygous
mutations [c.2121_2122insGCTGGTCCT (p.Pro707_Arg708ins
AlaGlyPro) and c.3583T>C (p. Cys1195Arg)] and one (P.24) with
heterozygous truncating mutation [c.1386delT (p. Ala463Leufs*78)]
had more severe osteogenesis imperfecta, such as early-onset motor
retardation, heart defects, reduced thoracolumbar bone density, and
obvious joint relaxation, than did the heterozygous missense
mutations [c.3997A>G (p. Thr1333Ala)] (P.25).

The clinical phenotypes of other skeletal abnormality-related short
stature were also briefly summarized based on our recent report
(13–15). Heterozygous mutations in ACAN can lead to
spondyloepiphyseal dysplasia, Kimberley type (MIM #608361), or
osteochondritis dissecans (MIM #165800), which was consistent
with the clinical findings of the 10 patients in our cohort, presenting
as mild midface hypoplasia, short neck, thoracic deformity, spine
malformation, short fingers/toes, short metacarpal bones, internal
rotation of the elbow (contrast to cubitus valgus), and café-au-lait
spots, andnoneof themcomplainedofboneor jointpain.Fourpatients
with COMP mutations exhibited typical pseudoachondroplasia
(PSACH) (MIM #177170) with severe short-limb dwarfism, joint
pain and stiffness, and early-onset osteoarthritis, and 4 patients with
mutations inFBN1 representedasacromelicdysplasia (MIM#102370)
shared severe short stature, short hands and feet, and joint limitations.
Biallelic variations of NPR2 mutation can cause acromesomelic
dysplasia, Maroteaux type (AMDM) (MIM #602875), while
monoallelic variants result in short stature with non-specific skeletal
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deformities and Miura-type osteochondral dysplasia. Autosomal
dominant mutations in FGFR3 causing achondroplasia (ACH)
(MIM #100800) were found in 13 of our cohort. They appeared as
short stature resulting from the shortening of the limbs with proximal
segments affected disproportionally. In addition, the typical broad or
protruding forehead, lumbar lordosis, and sacral kyphosiswere seen in
all these patients. Among the 8 cases of NPR2mutation in our study,
except for one case with compound heterozygous mutation
characterized by disproportionate short stature, mesomelic limb
shortening, and shortened and broadened fingers and toes,
conforming to AMDM, the other 7 cases were heterozygous
mutation with or without disproportionate short stature, facial
anomalies, and non-specific skeletal deformities, including
mesomelic limb shortening, cubitus valgus, brachydactyly, shortened
metacarpals or metatarsals, clinodactyly, and cone-shaped epiphysis.
Comparison of Collagen Gene-Related
Short Stature With Other Short-Stature
Genes and Growth Response to rhGH
Treatment
There were 9 patients with collagen genemutation who had received
rhGH treatment, two of whom had combined treatment with
gonadotropin-releasing hormone agonists (GnRHa) (Table 3). The
initial age of treatment was 7.9 ± 3.5 years. After 1 year of treatment,
the growth rate increased from6.0±1.6 to 9.0±1.3 cm/years, and the
average heightZ score significantly increased from -3.2± 0.9 to -2.5 ±
1.0 (p <.01). Their average height Z score at the last follow-up was
significantly increased to -2.2 ± 1.2 (p <.001) (Figure 2). The average
duration of treatment was 2.9 ± 1.9 years, and three of them were
treated discontinuously. Two cases (P.5, P.10) of scoliosis occurred
after initial treatment, both of which discontinued the therapy for
TABLE 2 | Baseline characteristics of individuals with skeletal collagenopathies.

Type II collagen Type IX collagen Type X collagen Type XI collagen Type I collagen Total

Demographic characteristics
Male/female, n 9/6 2/0 3/1 1/1 1/2 16/10
Median age (n = 26) 7.6 ± 4.5 11.7 ± 2.2 7.5 ± 2.7 4.7 ± 0.1 5.8 ± 2.5 7.4 ± 3.9
Bone age (n) 7.3 ± 4.4 (11) 8.8 ± 2.8 (2) 6.7 ± 1.9 (4) NA 5.7 ± 3.3 (3) 6.9 ± 4.1 (20)
Growth characteristics
Growth velocity (n) 5.0 ± 1.5 (11) 5.8 ± 0.8 (2) 4.9 ± 2.5 (2) 4.8 ± 1.2 (2) 5.8 ± 2.3 (2) 5.1 ± 1.7 (19)
Height Z-scores (n = 26) -4.1 ± 1.6 -3.5 ± 0.9 -2.7 ± 0.4 -3.2 ± 0.2 -2.6 ± 0.4 -3.6 ± 1.4
Weight Z-scores (n = 26) -1.2 ± 1.4 -1.7 ± 50.7 -0.5 ± 0.8 -2.4 ± 0.7 -1.7 ± 0.7 -1.3 ± 1.2
BMI Z-scores (n = 26) 1.0 ± 1.2 -0.7 ± 0.8 1.6 ± 0.6 -0.8 ± 1.0 -0.8 ± 0.0 0.6 ± 1.4
IGF-1 Z-scores (n) -0.43 ± 1.3 (10) -5.1 ± 1.8 (2) 0.25 ± 1.8 (3) -2.6 ± 1.1 (2) -0.3 ± 1.2 (3) -1.0 ± 2.1 (20)
SGA (n) 1 (11) 0 (1) 1 (2) 1 (1) 1 (3) 4 (18)
Family history (n) 6 (12) 0 (2) 2 (4) 0 (2) 1 (3) 9 (23)
Syndromic defects (n = 26)
Midface hypoplasia 8 2 0 2 3 15
Thoracic deformity 6 0 1 1 0 8
Limb abnormalities 9 0 3 0 3 15
Scoliosis 8 1 4 0 1 14
Joint hypermobility 1 0 1 0 2 4
Congenital heart defect 0 1 0 0 2 3
Ocular abnormalities 1 0 0 1 1 3
Hearing loss 0 1 0 1 0 2
Cleft palate 2 0 0 1 0 3
Februa
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orthopedic evaluation (P.10 underwent spinal orthopedic treatment)
and continued treatment. One girl (P.20) received rhGH at age of 5.7
and discontinued for personal reasons 1.3 years later, followed by the
diagnosis of central precocious puberty with advanced bone age
(+2~3 years), breast development at 7 years of age, and menophania
at 9.8 years of age, and rhGH treatment was restarted combinedwith
GnRHa for 1 year at 10 years of age, with poor therapeutic response.
After exclusion of these three patients from growth response, the six
remainingpatientshadanaverage improvement inaheightZscoreof
1.3 ± 0.5 (range, 0.8 to 2.3). The height of the two patients who had
been treated formore than 6 years significantly increased their height
Z score by 2.26 and 1.71, respectively.No abnormalities or side effects
were observed throughout the treatment.

We pooled demographic and treatment information of all
short-stature patients with skeletal abnormalities both in our
Frontiers in Endocrinology | www.frontiersin.org 753
cohort and partly from the literature review, including other
extracellular matrix component genes (ACAN, COMP, and
FBN1) and paracrine signaling genes (FGFR3 and NPR2), in
which a subset of the 29 patients with ACAN mutation and 21
patients with NPR2 mutation were from the literature review,
based on previous reports (Table 4) (13, 15). A total of 121
affected individuals diagnosed genetically are shown in Table 4.
The gender proportion of males to females was 1.7 (73 males and
46 females). Their height Z score was −3.8 ± 2.0 from 114
affected individuals. The height Z score of males (70 cases) versus
females (44 cases) was -3.9 ± 0.2 versus -3.7 ± 0.3 (p = .747),
indicating that there is no difference in height between males and
females. Six of the patients were adults with a height Z score of
-6.8 ± 1.2, which was significantly lower than the 100 juvenile
individuals with a height Z score of -3.7 ± 0.2 (p = .001),
TABLE 3 | Overview of patients with skeletal collagenopathies with rhGH treatment.

Patient ID P.2 P.15 P.11 P.5 P.10 P.17 P.20 P.23 P.24

Mutation COL2A1 COL2A1 COL2A1 COL2A1 COL2A1 COL9A2 COL10A1 COL11A2 COL1A2
Sex F F F M M M M M M
Age of treatment (y) 11.25 11 3.75 13.67 4 10.08 5.67 4.58 7.33
Duration (year) 1.7a 1.25 6.00 0.2b + 0.92c 1.17b + 2c 2.83 1.25 + 1a,c 6.50 1.5
Growth velocity before (cm/year) 3.5 4.4 8 4.5 NAd 6.5 7.4 6 8
Height SDS before -2.44 -2.65 -4.03 -4.51 -4.52 -2.61 -2.00 -3.35 -2.88
Growth velocity after 1 year 9.00 9.40 9 NAd 6.94 8.6 11.7 9.34 8.2
Height SDS at 1 year -1.90 -2.17 -2.8 -4.25 -3.98 -1.93 -1.20 -2.55 -2.00
Height SDS change at 1 year 0.54 0.48 1.20 0.31 0.54 0.68 0.8 0.80 0.88
Last available height SDS -1.47 -1.47 -1.77 -4.28 -4.7 -1.86 -1.19 -1.00 -1.79
Total height SDS change 0.97 0.97 2.26 0.23 -0.18 0.75 0.2 1.71 1.09
Febr
uary 2022 | Volu
me 13 | Articl
aPlus triptorelin.
bAccompanied by scoliosis during treatment.
cDiscontinuous treatment.
dNA, not available.
FIGURE 2 | Height Z score in patients with collagenopathies with rhGH treatment. The median follow-up time was 2.25 years with a range of 1.12 to 6.50 years.
Solid black dots indicate continued treatment up to the last follow-up, and hollow black dots indicate discontinuous treatment, **p <.01, ***p <.001.
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suggesting that the height impairment worsened with age and
would be more severely affected in adults without any treatment.
In addition, when the affected individuals were divided into
extracellular matrix maintenance and paracrine signaling of the
growth plate and long bone development according to
physiological etiologies of short stature, there was no
significant difference in their height impairment (p = .683). We
compared the height Z score of collagenopathy patients with
other different-causing gene mutations and found that the ACAN
mutation resulted in milder short stature than the collagen gene
mutation (p = .021), while the COMP mutation was the most
severe (p = .009) (Table 4 and Figure 3).

In short-stature patients with ACAN and NPR2 mutation,
rhGH had a significant effect on height gain as reported
previously (Figure 4) (13, 15). In ACAN-related short stature,
rhGH treatment significantly increased height and the height Z
score (from -2.9 ± 1.0 to -2.2 ± 1.1) after 2.8 ± 0.4 years of
administration. For NPR2-related short stature, height Z scores
were significantly improved from -3.1 ± 0.8 to -2.0 ± 1.0 after 3.8 ±
0.6 years of treatment. Moreover, the growth response for rhGH
treatment inACAN-related short stature was better thanNPR2 (p =
.014) (Figure 4). For FGFR3-related short, height Z scores were
improved from -4.0 ± 2.3 to -3.2 ± 1.5, but this was not significant.
However, given the severe PSACH phenotype caused by COMP
mutations, limited benefit, and possibly serious complications,
growth-promoting therapies were not recommended.
DISCUSSION

In this study, we performed NGS in short-stature patients with
skeletal abnormalities and identified causal variants of skeletal
Frontiers in Endocrinology | www.frontiersin.org 854
collagen genes in 26 (24.5%) of the 106 individuals, among which
15 patients (14%) carried COL2A1 mutations. Our molecular
diagnosis rate of patients with skeletal abnormalities was 76.4%
(81/106) and skeletal collagen genes accounted for 24.5% (26/
106). COL2A1 mutations were detected in 15 patients (14%),
which was slightly higher than that of a recent NGS study on 82
short Chinese patients with clear signs of bone dysplasia (positive
rate = 11%) (16). A recent study evaluating oligosymptomatic
TABLE 4 | Comparison of collagen gene-related short stature with other short stature genetic architecture.

n Age (year) Sex Height Z
score

n Treatment Height Z score
change

p

Male Female Before After

Extracellular
matrix

Collagen
Genes

26 6.63 [3.67–
10.25]

16 10 -3.62 ± 1.40 Collagen
Genes

9 -3.22 ±
0.93

-2.53 ±
1.00

0.69 ± 0.28 <0.001

ACAN a 29 9.71 [5.53–
12.2]

20 9 -2.85 ± 1.01d ACAN 29 -2.85 ±
1.00

-2.22 ±
1.12

0.63 ± 0.71 <0.001

COMP b 27 5.60 [3.4–15.0] 15 10 -5.41 ± 2.71d –

FBN1 4 5.83 [4.00–
11.37]

2 2 -4.99 ± 0.98 –

Paracrine
signaling

FGFR3 13 5.83 [3.09–
9.75]

5 8 -4.37 ± 1.80 FGFR3 4 -4.01 ±
2.27

-3.15 ±
1.47

0.86 ± 0.97 0.547

NPR2 c 21 7.00 [4.83–
10.50]

14 7 -3.12 ± 0.79 NPR2 21 -3.12 ±
0.79

-1.98 ±
1.04

1.14 ± 0.68e <0.001

Total 121 6.75 [4.00–
11.17]

73 46 -3.75 ± 1.96 Total 63 -3.07 ±
1.05

-2.24 ±
1.11

0.82 ± 0.70 <0.001

<0.001 p 0.438 0.427 0.014
February 2022
 | Volume 13 | Article
Data are expressed as median [interquartile range] and mean ± standard deviation (number of patients for whom the data were available).
Footnotes a–e indicate statistics within each group.
a,bData were obtained from Liang et al. (13, 14).
cData were obtained from Ke et al. (15).
dSignificant (p <0.05 or less) vs. collagen genes.
eSignificant (p <0.05 or less) vs. ACAN.
ACAN, aggrecan; COMP, cartilage oligomeric matrix protein; FBN1, fibrillin 1; FGFR3, fibroblast growth factor receptor 3; NPR2, natriuretic peptide receptor 2; SDS, standard deviation
score.
The bold values mean p <0.05 or less.
FIGURE 3 | Comparison of different gene mutations leading to growth
retardation. *p <.05, **p <.01.
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collagenopathies yielded a lower molecular diagnostic rate of
11.5% in 87 FSS patients treated with rhGH (17). Meanwhile, our
study revealed the genetic architecture of short stature with
skeletal abnormalities and proposed that mutations of collagen
genes (especially COL2A1), FGFR3, ACAN, NPR2, COMP, and
FBN1 are common for short stature due to skeletal abnormalities
in outpatient clinics in pediatric endocrinology. More
importantly, we provided initial information about the
phenotypical spectrum of collagenopathies by proving that
short stature with skeletal abnormalities and heterogeneous
syndromic abnormalities may be caused by mutations in the
collagen genes.

Longitudinal growth of the skeleton is a result of
endochondral ossification taking place in the epiphyseal
growth plates of the long bones. The cartilaginous growth plate
consists of extracellular matrix (ECM) and linear columns of
differentiated chondrocytes that are organized into resting,
proliferating, mature, and hypertrophic zones, which are
continuously replaced by trabecular bone with the increase in
length (1, 18, 19). Thus, multiple processes involved in the
growth plate and long bone development, including basic
cellular processes, extracellular matrix maintenance, paracrine
signaling, and hormonal signaling, may underlie the distinct
genetic architectures and physiological etiology of short stature
with skeletal abnormalities. Collagens are a family of structurally
related proteins that play a wide variety of roles in the ECM, are
characterized by a basic structural coiled-coil right-handed triple
helix, and are composed of three polypeptide chains (a chains).
Both type II and X collagens are homotrimers composed of 3
identical chains encoded by the COL2A1 and COL10A1 genes,
respectively. Both type IX and XI collagens are heterotrimers
encoded by 3 different chains of COL9A1, COL9A2, COL9A3
genes, and COL11A1, COL11A2, and COL11A3, respectively.
Type I collagen is also a heterotrimeric molecule encoded by
COL1A1 and COL1A2. These genes encode procollagens, which
are synthesized in the endoplasmic reticulum and contain a short
N-telopeptide non-triple-helical (NC2) domain, a long triple-
helical domain, and a short C-telopeptide non-triple-helical
(NC1) domain, and then posttranslational modification
Frontiers in Endocrinology | www.frontiersin.org 955
generates mature collagens, which are secreted into the
extracellular matrix (20, 21). In our study, of the 23 variants,
16 occurred in the triple-helical domain, highlighting the
importance of this domain in the collagen genes. Consistent
with previously reported results, all pathogenic variants of
COL10A1 in our study were in the NC1 domain, which
contains motifs required for normal assembly of the collagen
trimer (22). In addition, type II collagen fibrils have covalently
linked type IX fibrils on their surface and at their core is a fibril
template of type XI collagen. This association of types II, IX, and
XI collagens can explain some of the phenotypic overlaps among
the resulting conditions (23).

Since collagen is one of the components of many tissues and
organs, genetic defects of collagen formation can affect almost
every organ system and tissue in the body, and the clinical
features often overlap, showing a variable syndrome in addition
to bone phenotype. Patients with skeletal collagenopathies
described in our study typically manifest growth retardation,
skeletal abnormalities, and heterogeneous syndromic
abnormalities involving facial, eye, hearing, and cardiac
abnormalities, including osteogenesis imperfecta, a variety of
chondrodysplasias, rarely, some forms of osteoporosis,
osteoarthritis, joint hypermobility, and extra-skeletal features,
for example, myopia, astigmatism, cataracts, sensorineural and
conductive hearing loss, and mitral or tricuspid regurgitation.
Other frequent gene mutations related to skeletal development,
including FGFR3, ACAN, NPR2, COMP, and, FBN1, usually
cause varying degrees of short stature, with or without other
mild abnormalities, such as slight growth ratio imbalance and
skeletal non-specific abnormalities (such as short finger/toe,
short thumb, or midfacial dysplasia) (7, 8). In addition, one
patient (P.6) with COL2A1 mutation showed unexpected
obesity and severe skeletal deformities and arthrogryposis,
suggesting that weight gain and obesity may also be major
concerns of epiphyseal dysplasia and contribute to the
morbidity associated with joint problems. The underlying
collagen mutation disrupts normal cartilage architecture,
resulting in premature cartilage degeneration, and patients
with these disorders often require joint replacement in the
third to fourth decades of life (21). Both of our two patients
with type IX collagen gene mutation showed a mild type of
multiple epiphyseal dysplasias, which may be related to its high
clinical heterogeneity and complex genetic background, and the
late onset of the phenotype may also be one of the reasons as
there was also a case that reported that symptoms did not
appear until the age of 45 (24). Type X collagen is synthesized
exclusively by hypertrophic chondrocytes in the cartilage
growth plates of growing bones undergoing endochondral
ossification, and its role of an extracellular scaffold or in the
mineralization of hypertrophic growth plate has been proposed.
Pathogenic variants in COL10A1 cause reduced levels of
functional type X collagen in the growth plate and contribute
to the development of SMCD phenotypes, a disorder
characterized by dwarfism and an expanded growth plate
hypertrophic zone, which was seen in three of our patients
with two novel missense and truncating variants (21). In the
FIGURE 4 | Comparison of growth response to rhGH between patients with
collagen gene, ACAN, and NPR2 mutations. **p <.01.
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2 patients with type XI collagen gene mutation, besides the
typical skeletal and orofacial manifestations, P.22 with
COL11A1 missense mutation showed a less severe ocular
presentation, while the boy with a COL11A2 splice site
alteration presented with obvious ocular anomalies of
congenital cataracts. These findings are different from
previous variants associated with Stickler syndrome caused by
mutations in genes encoding type XI collagens, in which ocular
anomalies are predominantly present in COL11A1 mutation
and the COL11A2 heterozygous mutation usually causes non-
ocular Stickler syndrome (25).

Although precise genotype–phenotypic correlations in
collagen genes have not yet been established, we have made
some interesting findings. Phenotypic severity might vary
among patients with the same mutation, and in patients with
COL2A1 mutations, age at diagnosis might also be associated
with disease severity, which was consistent with a previous
study of COL2A1 based on a large database (20). The genotype–
phenotype correlation of COL10A1 cases in this study was also
consistent with previous reports (26, 27). Most of the identified
mutations were present in the NC1 domain, which had motifs
that control the formation of stable collagen X molecules by
promoting the formation of the triple helix. The three cases of
COL10A1 mutation we reported all showed SMCD with short-
limbed short stature, bowed legs, and a waddling gait, while two
cases caused by missense variants exhibited relatively late-onset
ages and moderate manifestations than the truncating one.
More importantly, we compared the demographic and growth
characteristics of patients with different disease-causing genes
and found that children with skeletal dysplasia were usually
severely short, and the heights of adults who did not receive
treatment were significantly more impaired. In addition, among
the short-stature individuals with causing genes, compared
with individuals with collagen gene mutations, those with
ACAN mutations showed a milder short stature, while
PSACH with COMP mutations was at the severe end of the
dwarfism spectrum and was associated with significant limb
shortening (28). Overall, we still suggest that a larger
phenotypic spectrum of collagen gene mutations would help
construct a solid basis for further research of the genotype–
phenotype correlation.

GH therapy has been introduced in several syndromic
disorders with short stature, i.e., Noonan syndrome, Prader–
Willi syndrome (PWS), and Silver–Russell syndrome (SRS),
while there are limited data on the effect of rhGH treatment
on children with short stature and skeletal dysplasia (29–31).
Recently, we demonstrated a good effect of rhGH treatment in
patients with NPR2 heterozygous mutation, and the efficacy was
negatively correlated with the initial age of treatment and was
associated with gender and the gene positions of mutation (15).
A study evaluating the efficiency of rhGH treatment with
collagenopathy in a cohort also demonstrated a height Z score
improvement from a median of –3.1 to –2.6 and to –2.2 after 1
and 3 years of therapy, respectively (17). Our study provides new
evidence for the evaluation of rhGH therapy for skeletal
collagenopathies. Consistent with previous results, the
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individual height Z score benefit after rhGH replacement
varied considerably in this study (range: -0.18 to 2.26). During
an average duration of 2.8 ± 2.1 years, the height Z score of 9
patients who received rhGH treatment improved from a median
of -3.2 ± 0.9 to -2.2 ± 1.3 at the last follow-up, respectively. The
most significant height Z score improvement of 2.3 and 1.7 was
also seen in two patients who had been treated for more than 6
years. Limb and spinal deformities were a problem frequently
seen in children with skeletal collagenopathies (57.7% and
53.8%). There was a concern about whether rhGH treatment
would increase the frequency or severity of this finding,
especially scoliosis. Two cases (P.5, P.10) of scoliosis occurred
after initial treatment, both of which discontinued the therapy
for orthopedic evaluation (P.10 underwent spinal orthopedic
treatment) and continued treatment. This was also the main
reason why rhGH is not recommended for patients with COMP
mutations leading to PSACH, usually accompanied by severe
osteoarthropathy. A previous clinical trial also demonstrated that
in cases of PSACH, the height Z score was worse after rhGH
therapy (32). Except for those two patients with the COL2A1
mutation who developed scoliosis after initiating treatment, no
exacerbation of scoliosis or other skeletal deformities was
observed in the remaining patients. However, we do not think
that the occurrence of this scoliosis was completely caused by
rhGH treatment, because both patients carry hotspot mutation
of COL2A1 leading to SEDC, and the incidence of this disease is
relatively high, which has been reported as 48% of 93 patients
with molecularly confirmed SEDC or a related disorder in the
previous literature (33). In addition, for the general short-stature
population with skeletal dysplasia, ACAN-related short stature
was more responsive to rhGH treatment than NPR2-related
short stature, and significant height improvement was not seen
in FGFR3-related short-stature patients in this cohort. While the
effectiveness of rhGH for ACH caused by FGFR3 mutation had
been proposed in previous cohort studies (34), the very small
sample size in our study may be the reason for the difference. A
similar difference in rhGH efficacy was also observed in two
patients with osteogenesis imperfecta patients who received
bisphosphonates with or without rhGH. During the 2-year
follow-up, the height Z score of P.24 combined with rhGH
therapy was improved from -3.0 to -1.8, while the height Z
score of patients treated with bisphosphonates alone was
decreased from -2.0 to -3.3, which reveals the effectiveness of
bisphosphonate combined with rhGH in patients with
osteogenesis imperfecta. Moreover, there are quite a few
studies that have confirmed the effectiveness of the
combination therapy, not only in terms of growth velocity but
also in bone mineral density and bone turnover (35–37). There
were no complications such as fractures in both patients. Overall,
this evidence suggests that rhGH treatment tolerability and
efficacy in improving growth in patients with skeletal
abnormalities vary greatly and careful consideration of
indications for therapy and cautious observation during
therapy are crucial for each patient.

Potential limitations of this work warrant consideration. First
of all, in terms of molecular genetic testing approaches, WES
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may not detect large CNVs. Therefore, multiple ligation-
dependent probe amplification (MLPA) or chromosomal
microarray (CMA) analysis should be performed to screen for
large deletions and insertions in genes belonging to the short-
stature gene panel. In addition, some of the newly discovered
variants still lack further validation, so we only evaluated their
pathogenicity according to the ACMG guidelines, combined
with their clinical phenotypes, pedigree verification, and in
silico prediction programs. Furthermore, there are signs or
clinical manifestations that have not been identified in some of
our patients due to young age or too short follow-up. It is also
worth mentioning that, unfortunately, we did not routinely
assess bone mass in some children without a clear history of
fractures. Moreover, some evidence for segregation of the
variants with short stature within the families is lacking in
some suspect pedigrees because of some unavailable relatives,
which can strongly support the mutations’ pathogenicity. Lastly,
more accurate genotype–phenotype correlations and evidence
for the treatment of recombinant growth hormone deserve
further study in a larger cohort of skeletal collagenopathies
children with short stature.

In conclusion, skeletal collagenopathies are relatively frequent
in syndromic-related short stature, and screening for collagen
mutations should be considered in short-stature children with
skeletal abnormalities. Although long-term studies evaluating
rhGH treatment are insufficient and large cohort studies
regarding rhGH dose, the optimal age to start treatment, and
adverse events are lacking, initial information provided by our
study about the efficacy of rhGH treatment for skeletal
collagenopathies indicates an improved growth rate and height.
Before starting rhGH treatment, patients with collagenopathy-
related short stature should be extensively evaluated, and close
monitoring of adverse reactions such as scoliosis is required.
Frontiers in Endocrinology | www.frontiersin.org 1157
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A Corrigendum on

Clinical Characteristics of Short-Stature Patients With Collagen Gene Mutation and the
Therapeutic Response to rhGH
by Chen M, Miao H, Liang H, Ke X, Yang H, Gong F, Wang L, Duan L, Chen S, Pan H and Zhu H.
Front. Endocrinol. (2022) 13:820001. doi: 10.3389/fendo.2022.820001.

In the Results, subsection “Comparison of Collagen Gene-Related Short Stature With Other Short
Stature Genes and Growth Response to rhGH Treatment”, paragraph 2 as published originally, Table
4 was incorrectly cited. The following sentence “A total of 121 affected individuals diagnosed
genetically are shown in Table 3.” should have read “A total of 121 affected individuals diagnosed
genetically are shown in Table 4.”

Also, in the Results, subsection “Comparison of Collagen Gene-Related Short Stature With Other
Short Stature Genes and Growth Response to rhGH Treatment”, final paragraph, incorrect height Z
scores were presented.

The sentences “In ACAN-related short stature, rhGH treatment significantly increased height
and the height Z score (from -2.9 ± 1.0 to 0.6 ± 0.7) after 2.8 ± 0.4 years of administration. For
NPR2-related short stature, height Z scores were significantly improved from 3.1 ± 0.8 to 2.0 ± 1.0
after 3.8 ± 0.6 years of treatment.” should have read “In ACAN-related short stature, rhGH
treatment significantly increased height and the height Z score (from -2.9 ± 1.0 to -2.2 ± 1.1) after
2.8 ± 0.4 years of administration. For NPR2-related short stature, height Z scores were significantly
improved from -3.1 ± 0.8 to -2.0 ± 1.0 after 3.8 ± 0.6 years of treatment.”

The authors apologize for these errors and state that they do not change the scientific conclusions
of the article in any way. The original article has been updated.
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Growth hormone deficiency (GHD) is the most commonly affected pituitary hormone in
childhood with a prevalence of 1 in 4000–10000 live births. GH stimulation testing (GHST)
is commonly used in the diagnostic workup of GHD. However, GHD can be diagnosed in
some clinical conditions without the need of GHST. The diagnosis of GHD in newborns
does not require stimulation testing. Likewise infants/children with delayed growth and/or
short stature associated with neuroradiological abnormalities and one or more additional
pituitary hormone deficiencies may not need GHST. This review summarizes the current
evidence on the diagnosis of GHD without stimulation tests.

Keywords: children, growth, growth hormone, IGF-1, growth hormone stimulation tests, newborn
INTRODUCTION

Growth hormone deficiency (GHD) has a prevalence of 1:4000-10000, most cases are isolated
(IGHD) and the majority of them are idiopathic. GHD can also be combined with other pituitary
hormone deficiencies (multiple pituitary hormone deficiency-MPHD). Both IGHD and MPHD can
be congenital or acquired (tumours, trauma, brain infections, radiotherapy). Congenital IGHD can
be due to genetic mutations in the genes encoding GH (GH1) or the GH-releasing hormone
receptor (GHRHR) (1, 2). Mutations in the genes encoding transcription factors like SOX3, HESX1,
GLI2, OTX2, LHX3, LHX4, PROP1, and POU1F1 usually cause MPHD (3) but, occasionally, GHD
can be the only pituitary hormone deficiency (1, 2). GHD can develop at any age, so the signs and
symptoms vary accordingly. GHD in newborns may present with hypoglycaemia, jaundice, or with
underdeveloped male genitalia, whereas in older children it manifests primarily with short stature
and/or decreased growth (4).

In the last decades the diagnosis of idiopathic IGHD has been the subject of intensive debate and
it is still controversial. GH stimulation testing is not necessary in neonates and also in infants with a
combination of clinical signs of GHD, low insulin-like growth factor 1 (IGF-1) and IGF binding
protein-3 (IGFBP-3), MPHD and/or an abnormal brain magnetic resonance imaging (MRI) (5, 6).

The most recent guidelines (7) still recommend to perform GHSTs in children and adolescents
with suspected GHD. However, some authors (8, 9) suggest that also in this age group the diagnosis
of GHD may be based on a combination of auxological, biochemical (IGF-1 and IGFBP-3),
neuroradiological and genetic findings and that GHSTs are not always necessary. It should be
pointed out that the diagnosis of GHD is primarily auxologic (10, 11).
n.org February 2022 | Volume 13 | Article 853290160
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In this review we summarize the current evidence on the
diagnosis of GHD without the use of GHSTs in the
paediatric population.
PHYSIOPATHOLOGY

GH is a 191-amino acid protein synthesized, stored and secreted
in a pulsatile manner by pituitary somatotroph cells. The
synthesis and release of GH are under the control of various
hormones, including GH-releasing hormone (GHRH),
somatostatin, ghrelin, IGF-1, thyroid hormone, gonadal
steroids and glucocorticoids. At birth and in the first week of
life, GH levels are high and pulsatile, with elevated baseline,
mean and peak levels (4) and rapidly decrease during the
following weeks and increase with chronic malnutrition,
chronic kidney disease, exercise, trauma and sepsis (12). GH
plays a key role in glucose and fat metabolism in the newborn (4,
13), in increasing bone length and density in children and
adolescents, but also in increasing muscle mass, regulating
lipid and carbohydrates metabolism and body water
throughout life. GH action is exerted directly on target tissues
or indirectly by insulin growth factors (IGFs) (14). IGF-1, the
main GH effector, is mostly secreted by the liver, and circulates
bound to specific insulin growth factor binding protein (IGFBPs
1-6), mainly IGFBP-3. IGF-1 secretion is influenced also by
malnutrition, thyroid hormone, sex hormones, chronic diseases
and inflammation and anorexia nervosa (15–19). In contrast,
IGF-1 values remain low for at least the first 15–18 months of age
and increase until a pubertal peak (20, 21). Measurement of a
random serum GH level is not helpful for the diagnosis of GHD
except in some specific cases (see below). In fact, serum GH levels
between normal pulses of GH secretion, are often low, below the
limits of sensitivity of most conventional assays. For these
reasons stimulation tests have been introduced in the
diagnostic workup of GHD many years ago. A large number of
GHSTs have been proposed in the last decades (6, 22–25).
However, GHSTs are not physiological, have poor specificity
and reproducibility (24), and cause a high number of false
pathological responses. Furthermore, there are no age- and
gender-related normative data, and the diagnostic cut-offs are
often arbitrarily established. In addition, GH secretion is
influenced by several factors (such obesity, undernutrition,
puberty) and entails high costs and discomfort for the patients.
Notwithstanding the above limitations, GHSTs are still used as
the gold standard for the diagnosis of paediatric GHD (7, 26–29).
These limitations are even more evident in children younger
than 4 years, in which the accuracy of stimulation tests has not
been formally addressed, and most of the currently used tests are
burdened by side effects (5, 24). For all the above reasons the
decision to perform a GHST should be well reasoned and based
on the severity of short stature, height velocity, medical history
and physical examination findings. The diagnostic GH peak cut-
off is still matter of discussion between scientific societies, and so
far it has been arbitrarily established by the single centre and
currently ranges between 3 to 10 mg/L (6, 7, 11, 22, 24, 27, 30–32).
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CLINICAL PRESENTATION OF GHD

Newborn
In consideration of the important metabolic role of GH in the
neonatal period, the prompt identification of a newborn with
GHD is crucial to start replacement treatment rapidly. GHD in
neonates can be isolated but often presents as MPHD, and the
clinical presentation and its severity depend on the number of
affected hormones. Neonates might present non-specific
symptoms and signs, such as lethargy and poor weight gain, or
more specific life-threatening emergencies (33), including
respiratory distress, apnoea, cyanosis, poor feeding, hypotonia,
long-term cholestatic jaundice, severe hypoglycaemia with or
without seizures, temperature dysregulation, electrolyte
abnormalities, haemodynamic instability and/or neonatal
sepsis. Other physical findings can suggest the presence of
GHD such as eye abnormalities, microphallus, microphthalmia
and single central maxillary incisor. Intrauterine growth is
generally not affected by GHD, and birth weight and length
are usually within normal limits, although slightly reduced.

Infant/Child
Short stature, defined as a height more than 2 SD below the
population mean, or growth arrest/deceleration with normal/
increased weight and delayed skeletal maturation may be the
only signs of GHD in infancy and childhood. Diminished height
velocity often precedes short stature. The typical GHD clinical
phenotype in infants is persistent growth failure and/or short
stature associated with truncal adiposity and micropenis,
immature appearance, mid-facial hypoplasia, delayed dentition
and frontal bossing with depressed nasal bridge.

Most cases of IGHD in childhood are idiopathic. However,
pituitary masses, brain tumours, infections of central nervous
system should always be ruled out. Furthermore, GHD should be
suspected in short children who underwent cranial irradiation
(34, 35) or suffered from brain injuries (36).
ESTABLISHING A DIAGNOSIS

Newborn
The neonatal period is characterized by high GH levels
(hypersomatotropism of the newborn) (37, 38), which enable
the diagnosis of GHD without the use of pharmacological
stimulation (20, 39). Furthermore GHSTs are contraindicated
under the age of 1-2 years (2). Reasons for this are primarily due
to safety (GHSTs need a fasting period), to the amount of time
needed, to the potential for hypoglycaemia, or other side effects
depending on the GH secretagogue used.

A single low GHmeasurement is traditionally used to confirm
the clinical suspicion of neonatal GHD. The sample is preferably
taken during hypoglycaemic episodes (critical sample), in
plasma, serum or newborn screening cards (39) within the first
week of life. However, the specificity of a single GHmeasurement
during spontaneous hypoglycaemia has been questioned, and
some authors (40) do not deem it sufficient to diagnose GHD.
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However, the observation of normal GH concentration can be
useful to exclude GHD. Over the years, various cut-offs of GH as
indicative of GH sufficiency in the newborn have been proposed
ranging from 7 to 20 µg/L during an hypoglycaemic episode
(20, 22). Recently, Binder et al. (39) demonstrated that GH
concentration <7 mg/L in the newborn screening card confirms
severe GHD with high accuracy in term newborns with a specific
phenotype such as recurrent hypoglycaemia, additional pituitary
hormone deficiencies and/or a significant hypothalamic-
pituitary abnormality on cerebral MRI (Table 1). The use of
newborn screening card still needs to be validated since its
reliability has not been confirmed (41). According to current
guidelines (7) the diagnosis of GHD in newborns is possible in
the presence of GH concentrations ≤5 ng/mL in a newborn with
additional pituitary hormone deficiencies or/and the triad of
ectopic posterior pituitary, pituitary hypoplasia and abnormal
pituitary stalk (Table 1).

Infant/Child
An accurate and early diagnosis is important for a prompt
treatment initiation, essential to optimize child growth and
adult height and to avoid co-morbidities such as impaired
quality of life, bone and metabolic health (7, 26). Despite more
than 50 years of paediatric hGH replacement, the ability to make
a definitive diagnosis of GHD in children is still limited. The
diagnosis of GHD is traditionally based on auxology and the lack
of response to two different GHSTs, but it is not always
straightforward (10).

In infants with history of hypoglycaemia, hyperbilirubinemia,
poor growth, midline defects, microphallus, low IGF-1 and
IGFBP-3, MPHD, such as TSH and ACTH deficiency, and/or
an abnormal brain MRI, the diagnosis of GHD is possible
without stimulation test (6) (Table 1).

According to recent guidelines (7) a diagnosis of GHD
without GHSTs in children is suggested only in subjects that
fulfil all the following criteria: auxological characteristics,
presence of hypothalamic-pituitary defects (congenital or
acquired), and one additional pituitary hormone deficiency
(Table 1). However, according to some authors (26) there are
more conditions in which GHSTs might be not necessary, such
as in case of acquired GHD due to intracranial tumours, severe
traumatic brain injury or cranial radiotherapy (Table 2). Given
to the lack of sufficient evidence, the guidelines do not
recommend establishing the diagnosis of GHD without GHSTs
in patients with these conditions (7, 34, 35). Due to the low
reliability of the GHSTs, alternative diagnostic strategies such as
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measurement of IGF-1 and IGFBP-3, genetic testing and
neuroimaging have been considered over the years for the
diagnosis of GHD in children (5, 8, 9, 42). In our opinion,
patients with auxological characteristics associated with
abnormal hypothalamic/pituitary morphology and low IGF-1
do not require GHST.

Recently Clément et al. (26) developed and validated an accurate
clinical prediction rule for the diagnosis of GHDwithout GHSTs in
children whomeet the criteria required for GHSTs according to the
guidelines (22), but with specific comorbidities such as the presence
of pituitary dysgenesis on MRI or two or more anterior pituitary
hormone deficiencies (Table 2).

However, recent guidelines (6) still consider the measurements
of IGF-1, IGFBP-3 levels, brain MRI and genetic tests only as a
support for the diagnosis.

IGF-1 and IGFBP-3
Measurement of IGF-1 is considered not useful in newborns since
its levels remain low for at least the first 15–18 months of age and
then progressively increase reaching a peak at mid-puberty (20, 21).
The usefulness of IGF-1 measurement in children, alone or in
combination with IGFBP-3, for the diagnosis of GHD has been the
subject of a number of studies (7, 18, 23, 28, 30, 31, 42–50). The
results of all these studies have been controversial, and their
findings are hardly comparable because of the use of different
assays, different measure unit (mg/ml, percentiles, SDS), as well as
patients’ selection (43). However, most studies showed poor
sensitivity and specificity in the diagnosis of GHD in children
and most authors concluded that IGF-1 measurement is useful for
the diagnosis of GHD only when combined with auxological
parameters and the results of GHSTs (31, 42, 44, 46, 51–53).
IGF-1 levels should be interpreted taking into consideration age,
gender, pubertal status and body mass index (18). Moreover
reduced IGF-1 levels may be observed children with malnutrition
(19), hypothyroidism, hepatic disease or diabetes mellitus and there
is overlap between normal and GHD children. Therefore, although
very low levels of IGF-1 are strongly suggestive of GHD, normal
IGF-1 concentrations do not exclude GHD at any age (54). Wit
et al. (18) recently proposed specific steps for the clinicians for the
use of IGF-1 measurement to estimate the probability of GHD in a
child with growth failure based on pre- and post-test likelihood. In
our personal experience about 40% of patients with severe GHD
have IGF-1 concentrations higher than -2 SDS, overlapping values
found in non-GHD children (53).

IGFBP-3 levels have also been considered for the diagnosis of
GHD since it is less influenced by nutrition than IGF-1.
TABLE 1 | Conditions in which it is not necessary to perform GHSTs according to current guidelines (6, 7, 22, 39).

Newborns GH ≤ 7 mg/L during hypoglycaemia episode with a specific phenotype
Random GH ≤ 5 ng/mL with additional pituitary hormone deficiencies or/and the triad of
ectopic posterior pituitary, pituitary hypoplasia and abnormal stalk

Infants Suggestive history of clinical GHD (short stature and/or low height velocity), low IGF-1 and
IGFBP-3, multiple pituitary hormone deficiencies, and/or an abnormal cranial MRI

Children Auxological characteristics (short stature and/or low height velocity), presence of
hypothalamic-pituitary defects (congenital or acquired), and one additional pituitary
hormone deficiency
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However, many studies have reported no advantage of
measuring IGFBP-3 over IGF-1 (55).

Magnetic Resonance Imaging
The differential diagnosis of hypopituitarism has greatly improved
thanks to diagnostic accuracy of MRI that has increased our
knowledge of pituitary morphology and function (56, 57). Brain
MRI with a focus on the pituitary and hypothalamus is essential
during the initial evaluation of newborns with midline defects,
microphallus, and hypoglycaemia. In a infant with a highly
suspicious history of GHD, plus other pituitary hormone
deficiencies, or neurologic abnormalities, the presence of an
abnormal brain MRI allows the diagnosis of GHD without
GHSTs (6). Abnormalities found on MRI that are more
suggestive of GHD include the absence of the anterior pituitary
gland (empty sella), an ectopic posterior pituitary gland, and
hypoplasia/absence of the pituitary stalk and/or pituitary gland
(58). However the presence of a small pituitary gland by itself is not
sufficient to make the diagnosis of GHD, but it may suggest the
need for a more extensive evaluation of pituitary function (6). In
children younger than 4 years, MRI has been proposed as first-line
investigation (5) in order to reduce cost/benefit ratio and allow
earlier start of treatment, and to postpone GHSTs to an age when
they can be more easily performed and interpreted. Neuroimaging
in association with IGF-1 assessment has been proposed about 20
years ago in children with clinical suspicion of GHD as an
alternative to GHSTs (8). However the current guidelines (6) still
recommend to perform MRI of the hypothalamus and pituitary
after the diagnosis of GHD is confirmed by GHSTs. Therefore, if
GHD has been excluded by GHSTs, MRI is typically not indicated.

Genetic Testing
Genetic and/or epigenetic testing is not required for all suspects
of GHD but it is suggested in the diagnostic assessment of a
patient whose phenotype suggests a high likelihood of a genetic
cause (6) such as in case of suspected congenital hypopituitarism,
Frontiers in Endocrinology | www.frontiersin.org 463
early onset of growth failure, positive family history, height more
than 3 SD below the mean, extremely low GH response to
GHSTs and, very low IGF-1 and IGFBP-3 levels. The most
common mutations in patients with isolated GHD have been
identified in GH1 and GHRHR genes and may be associated with
a normal MRI scan. Other gene mutations (i.e. POU1F1, PROP1,
LHX3, LHX4, HESX1, SOX2, SOX3, etc.) are generally associated
with MPHD (2), and present with typical clinical and
neuroradiological features. With a greatly use of genetic testing
it is possible that other conditions may include GHD in the
differential diagnosis (59).
CONCLUSIONS

In most cases of suspected GHD current guidelines still
recommend the use of GHSTs plus auxological criteria.
However, GHSTs are not accurate, and in some instances a
diagnosis can be made based on other clinical, laboratory, genetic
and neuroimaging evaluation. IGF-1 and IGFBP-3 measurement
have high specificity but low sensitivity and thus normal
concentrations do not exclude GHD at any age. MRI of the
hypothalamic–pituitary region might be helpful in identifying
GHD when associated with other cerebral abnormalities, and
genetic testing can provide definitive diagnosis in some selected
patients. The diagnosis of GHD may be straightforward in
neonates, infants and children with organic lesions, irradiation
or trauma, but is still puzzling in all other conditions, requiring
careful clinical, laboratory and imaging investigation.
AUTHOR CONTRIBUTIONS

Both authors contributed equally to the design and writing of the
review. All authors contributed to the article and approved the
submitted version.
TABLE 2 | Conditions in which it is not necessary to perform GHSTs. Modified from Clément et al. (26).

Auxological criteria required for performing GHSTs according to
the Summary Statement of the Growth Hormone Research
Society (22):

1) severe short stature, defined as a height more than 3 SD below the mean;
2) height more than 1.5 SD below the midparental height;
3) height more than 2 SD below the mean and a height velocity over 1 year more than 1 SD below the
mean for chronological age, or a decrease in height SD of more than 0.5 over 1 year in children over 2
year of age;
4) in the absence of short stature, a height velocity more than 2 SD below the mean over 1 year or
more than 1.5 SD sustained over 2 year;
5) signs indicative of an intracranial lesion;
6) signs of MPHD;
7) neonatal symptoms and signs of GHD.

PLUS
Pituitary dysgenesis on MRI
or
Two or more anterior pituitary hormone deficiencies
or
At least one anterior pituitary hormone deficiency plus one of the following:
a. Neonatal symptoms of pituitary deficiency (hypoglycaemia or hypogenitalism)
b. Central diabetes insipidus
c. Clinical or radiological craniofacial midline abnormalities
d. Suprasellar or sellar tumor/surgery
e. Cranial radiotherapy ≥18 Gy
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Pubertal Timing and Growth
Dynamics in Children With Severe
Primary IGF-1 Deficiency: Results
From the European Increlex®

Growth Forum Database Registry
Peter Bang1*, Michel Polak2, Valérie Perrot3, Caroline Sert3, Haris Shaikh4

and Joachim Woelfle5 on behalf of Eu-IGFD Registry Study Group

1 Division of Paediatrics, Department of Biomedical and Clinical Sciences, Linköping University, Linköping, Sweden,
2 Paediatric Endocrinology, Gynaecology and Diabetology, Centre de Référence des Maladies Endocriniennes Rares de la
Croissance, Hôpital Universitaire Necker Enfants Malades, AP-HP, Université de Paris, Paris, France, 3 Ipsen Pharma,
Boulogne-Billancourt, France, 4 Ipsen Pharma, Milton Park, United Kingdom, 5 Endocrinology and Diabetology, University
Children’s Hospital, Friedrich-Alexander University Erlangen-Nürnberg, Erlangen, Germany

Background: Puberty is delayed in untreated children and adolescents with severe
primary IGF-1 deficiency (SPIGFD); to date, it has not been reported whether recombinant
human insulin-like growth factor-1 mecasermin (rhIGF-1) treatment affects this. Pubertal
growth outcomes were extracted from the European Increlex® Growth Forum Database
(Eu-IGFD) Registry (NCT00903110).

Methods: The Eu-IGFD Registry includes children and adolescents aged 2 to 18 years
with growth failure associated with SPIGFD who are treated with rhIGF-1. Reported
outcomes include: age at last registration of Tanner stage 1 and first registration of Tanner
stage 2-5 (T2-T5; based on breast development for girls and genital development for
boys, respectively); maximum height velocity during each Tanner stage; and pubertal peak
height velocity (PPHV). Data cut-off was 13 May 2019.

Results: This analysis included 213 patients (132 boys and 81 girls). Mean (SD) age at last
registration of T1 and first registration of T5 was 13.0 (2.0) and 16.3 (1.6) years,
respectively, in boys and 11.6 (1.8) and 14.7 (1.5) years, respectively, in girls. Among
patients reaching the end of puberty (25 boys and 11 girls), mean (SD) height SDS
increased from -3.7 (1.4) at baseline in the Eu-IGFD Registry to -2.6 (1.4) at T5 in boys and
from -3.1 (1.1) to -2.3 (1.5) in girls. Maximum height velocity was observed during T2 in
girls and T3 in boys. Median (range) PPHV was 8.0 (0.3–13.0) cm/year in boys and 6.8
(1.3–9.6) cm/year in girls and occurred most frequently during T2. Overall, the adverse
events seen in this analysis were in line with the known safety profile of rhIGF-1.
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Conclusion: Children and adolescents treated with rhIGF-1 for SPIGFD with growth
failure experienced an increase in height SDS in prepubertal years compared with
baseline. Despite 1.5 years delay in pubertal start and a delayed and slightly lower
PPHV, height SDS gain during puberty was maintained.
Keywords: growth retardation, severe primary insulin-like growth factor-1 deficiency, puberty, mecasermin,
Eu-IGFD Registry
INTRODUCTION

The growth hormone (GH)/insulin-like growth factor-1 (IGF-1)
axis is crucial for linear growth and pubertal growth promotion
(1, 2), and IGF-1 deficiency causes severe growth retardation.
Severe primary IGF-1 deficiency (SPIGFD) comprises a group of
rare growth disorders, with a prevalence of approximately 1%
within the spectrum of IGF-1 deficiency disorders (3). The GH/
IGF-1 axis is disrupted in children with SPIGFD with GH
insensitivity (low IGF-1 levels, despite normal or elevated GH
secretion) (4, 5), leading to growth failure. Physical
characteristics resulting from SPIGFD include extremely short
stature, retarded organ growth, small hands and feet, and under-
development and weakness of the muscular system (6, 7).
Disruption to the GH/IGF-1 axis is also thought to have a
negative impact on gonadal function and pubertal
development in patients with SPIGFD (8–11).

Growth failure associated with SPIGFD in children aged 2 to
18 years can be successfully treated, especially when diagnosed
early (12), with long-term administration of recombinant human
IGF-1 (rhIGF-1). The rhIGF-1 Increlex® (mecasermin [rDNA
origin]; Ipsen Pharma, France) has been licensed for the
treatment of SPIGFD since 2005 in the USA and 2007 in
Europe (4, 5). Clinical trials have demonstrated that rhIGF-1
stimulates linear growth in children with SPIGFD, leading to
increased height velocity (13, 14). Despite being used in clinical
practice for over a decade, the impact of rhIGF-1 treatment on
pubertal growth dynamics has not been extensively assessed. The
effect of rhIGF-1 on pubertal development was described as part
of a study assessing the safety and efficacy of rhIGF-1 in children
with short stature and low IGF-1 levels, which showed that
pubertal development occurred at appropriate ages in all
individuals, except one; however, patient numbers in this study
were low (15). Two important characteristics of the growth spurt
at puberty are the pubertal peak height velocity (PPHV) and the
age at which the PPHV occurs (16, 17); as the effect of rhIGF-1
treatment on these variables is currently unknown, and further
research is required.

The European Increlex® Growth Forum Database (Eu-IGFD)
Registry is an ongoing, open-label observational study to
monitor the long-term safety and effectiveness of rhIGF-1
treatment in children and adolescents with growth failure in
routine clinical practice. The Registry aims to monitor patients
during, and after the end of treatment and to the attainment of
near adult height (1). Here, we describe pubertal growth
dynamics in children and adolescents with SPIGFD with
n.org 267
growth failure who were treated with mecasermin and whose
data were entered into the Eu-IGFD.
MATERIALS AND METHODS

Trial Design
The Eu-IGFD Registry is a descriptive, multicentre,
observational, prospective, open-ended, non-interventional,
post-authorization surveillance study (ClinicalTrials.gov ID:
NCT00903110) conducted in ten European countries (Austria,
Belgium, France, Germany, Italy, the Netherlands, Poland, Spain,
Sweden and the UK), and initiated in December 2008.

The primary objective of the Eu-IGFD Registry is to collect
long-term safety data on the use of mecasermin (rhIGF-1) for the
treatment of children and adolescents with growth failure,
including SPIGFD. The main secondary objective is to collect
long-term effectiveness data for rhIGF-1 treatment in children
and adolescents with growth failure. The Registry design has
been described previously (1). The analysis presented in this
manuscript covers data collected up to 13 of May 2019 and
focuses on the effect of rhIGF-1 treatment on pubertal
growth dynamics.

Patients
The Eu-IGFD Registry includes children and adolescents aged 2
to 18 years. All children and adolescents presenting at
participating centres with growth failure associated with
SPIGFD, for whom rhIGF-1 is indicated, and those who are
already receiving treatment with rhIGF-1, are eligible for
enrolment into the Registry and are assessed throughout their
course of treatment (irrespective of subsequent treatment
changes). The decision to prescribe rhIGF-1 treatment is made
independently of the decision to enrol the patient into the
Registry (1). Children and adolescents currently participating
in either a mecasermin clinical trial or in any clinical trial for
treatment of growth retardation were excluded from the Eu-
IGFD Registry.

The analysis presented in this manuscript includes children
and adolescents who were prepubertal (Tanner stage [T] 1;
before breast development in girls and genital development in
boys) at first rhIGF-1 intake in the Eu-IGFD Registry, were not
receiving gonadotropin-releasing hormone (GnRH) agonist
treatment and whose data were entered in the Eu-IGFD
Registry before 13 May 2019.
February 2022 | Volume 13 | Article 812568
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Treatment
The administered dose of rhIGF-1 was in accordance with the
European Summary of Product Characteristics (SmPC) for
mecasermin (4) and local clinical practice. Dosing was
individualised based on the treating-physician’s clinical
judgment. According to the mecasermin prescribing
information, doses of 0.04–0.12 mg/kg bodyweight are given
twice daily by subcutaneous injection before or shortly after a
meal or snack. The timing and dose of rhIGF-1 treatment were
at the discretion of the treating-physician and were
independent of the decision to include patient data in the Eu-
IGFD Registry.

Outcomes
Anonymous data in the patients’ medical records are collected
using an electronic case report form. General methodology for
the Eu-IGFD Registry and information collected at baseline (or
the visit closest to the start of rhIGF-1 treatment) and each
follow-up visit has been described previously (1). The number
and frequency of follow-up visits are determined by the
investigator’s judgment based on clinical need and mecasermin
SmPC recommendations (1).

The following endpoints are reported in this manuscript:
breast development in girls and genital development in boys
were assessed at each visit according to Tanner stage, and the last
registration of T1 and first registration of stages T2 to T5 were
identified. Data were collected until patients reached adult
height. In reporting the data on Tanner stage, an informal
comparison was made with reference data from a healthy
population in Denmark (18). Pubertal duration was defined as
the time between last registration of T1 to first registrations of
T4/T5. Maximum height velocity during each Tanner stage was
calculated. PPHV was defined as the maximum annualised
height velocity between two visits ≥6 months apart during T2
to T4/T5. The Tanner stage at which PPHV occurred was noted.
The evolution in height SDS during pubertal development was
also assessed.

Adverse events (AEs) were reported by the investigator and
classified as serious or non-serious, as mild, moderate or severe,
and whether they were related or not to rhIGF-1 treatment.
Neoplasia events and all ‘targeted’ AEs were collected. Targeted
AEs are defined as those AEs that were shown to occur
frequently or historically associated with rhIGF-1 treatment
(i.e., headache, otitis media, papilledema, hypoglycaemia,
acromegalic facial changes, oedema, gynaecomastia, hearing
loss, intracranial hypertension, lipohypertrophy at injection
si te , myalgia , s leep apnoea, tonsi l lar hypertrophy,
and cardiomegaly).

Statistics
Descriptive statistics were used for all endpoints. Results are
presented as mean (standard deviation [SD] or two-sided 95%
confidence interval [CI] of the mean) and median (range or 25th

and 75th percentiles). For categorical variables, the 95% CIs of the
proportion are provided. Unless specified, continuous variables
are given as median (range).
Frontiers in Endocrinology | www.frontiersin.org 368
RESULTS

Patient Characteristics
Between December 2008 and May 2019, 281 patients were
enrolled in the Eu-IGFD Registry; of these: 213 (132 boys and
81 girls) were prepubertal and were included in this analysis
(Table 1); 157 (73.7%) were treatment-naïve (i.e., had not
received previous growth-promoting treatment); and SPIGFD
was the diagnosis in 188 (88.3%) patients (Table 1). All patients
who were pubertal at the start of rhIGF-1 treatment in the
Registry have been excluded from this analysis.

Of the 36 participants assessed until the end of puberty
(excluding patients treated with gonadotropin-releasing
hormone agonist), 14 were non-naïve, including 11 who were
previously treated with rhGH, 2 who were previously treated
with rhIGF-1, and 1 who was previously treated with both rhGH
and rhIGF-1.

The median (range) duration of follow-up from the start of
rhIGF-1 treatment was 4.3 (0.2–11.0) years. Mean rhIGF-1 doses
remained stable as puberty progressed, with median doses of 120
µg/kg bid at all stages of puberty. At 1 year after initiation of
rhIGF-1 treatment (after the titration period), 107 (50.2%) were
receiving 120 µg/kg bid (the recommended maximum dose) (4)
or above (only 6 patients were receiving a dose above 120µg/kg
bid), 24 (11.3%) were receiving 100-120 µg/kg bid, and 82
(38.5%) were receiving <100 µg/kg bid.

Puberty and Pubertal Growth Dynamics
The mean (SD) age at start of rhIGF-1 treatment for patients
reaching the end of puberty was 10.9 (2.56) years for boys, and
9.1 (1.83) years for girls. The mean age of patients at entry into
each Tanner stage is shown in Figure 1 (not all children had
visits at every Tanner stage as the time between clinic visits
varied). Compared with a Danish reference population of healthy
children (18), boys and girls with SPIGFD had delayed entry into
T2, with approximately 1.5 years, and with less delayed entry into
T4/T5. Among the patients reaching the end of puberty (T5; 25
boys and 11 girls), mean (SD) pubertal duration from last T1 was
3.7 (1.2) years in boys and 3.9 (1.0) years in girls. During pubertal
development, height SDS was unchanged in boys while an
apparent increase was observed in girls (Figure 1).

Height SDS at T1-T5 for boys and girls is shown in Table 2.
There was no correlation, in the small subgroup reaching the end
of puberty (25 boys and 11 girls), between the duration of
treatment in the prepubertal period and total height SDS gain
or height SDS gain during the pubertal period.

Maximum height velocity was achieved in T2 (breast
development) in girls and in T3 (genital development) in boys
(Figure 2). For the overall period of puberty, median (range)
PPHV was 8.0 (0.3–13.0) cm/year in boys (n=62) and 6.8 (1.3–
9.6) cm/year in girls (n=35). PPHV was observed at T2 for 40%
of boys and 57% of girls (Figure 3) and mean (SD) age at PPHV
was 15.3 (1.9) years in boys (n=62) and 13.3 (1.8) years in girls
(n=35). In the subgroup of patients reaching T4/T5 at the time of
this analysis, mean (SD) PPHV was 8.2 (2.3) cm/year in boys
(n=43) and 7.2 (1.5) cm/year in girls (n=23).
February 2022 | Volume 13 | Article 812568

https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles


Bang et al. Mecasermin and Pubertal Growth Dynamics
TABLE 1 | Patient characteristics of prepubertala patients at the start of rhIGF-1 intake in the Eu-IGFD Registry (baseline) and at last rhIGF-1 intake.

Boy (n=132) Girl (n=81) Total (N=213)

Patient characteristics at the start of rhIGF-1 intake (baseline)
Previously treated, n (%)b 37 (28.0) 19 (23.5) 56 (26.3)
Treatment-naïve, n (%) 95 (72.0) 62 (76.5) 157 (73.7)
Age, years
Mean (SD) 8.8 (3.8) 8.1 (3.6) 8.6 (3.7)
Median (range) 8.6 (0.4–16.1) 8.2 (1.9–14.8) 8.3 (0.4–16.1)

Height, cm
n 117 74 191
Mean (SD) 111.3 (20.0) 106.8 (20.8) 109.6 (20.4)

Height SDS
n 117 74 191
Mean (SD) -3.7 (1.4) -4.0 (1.4) -3.8 (1.4)

BMI SDS
n 105 68 173
Mean (SD) -0.7 (1.4) -0.9 (1.3) -0.8 (1.4)

Bone age, years
n 23 16 39
Mean (SD) 7.8 (3.2) 7.1 (3.1) 7.5 (3.2)

Height velocity, cm/y
n 75 41 116
Mean (SD) 4.6 (1.7) 5.1 (1.8) 4.8 (1.8)

Diagnosis, n (%)c

Severe primary IGF-1 deficiency 116 (87.9) 72 (88.9) 188 (88.3)
Primary IGF-1 deficiency 9 (6.8) 7 (8.6) 16 (7.5)
GH gene deletion with anti-GH antibodies 1 (0.8) 0 (0.0) 1 (0.5)
Small for gestational age 2 (1.5) 2 (2.5) 4 (1.9)
Insulin resistance syndrome 0 (0.0) 1 (1.2) 1 (0.5)
Diabetes 1 (0.8) 0 (0.0) 1 (0.5)
Other 6 (4.5) 2 (2.5) 8 (3.8)

Laron syndrome, n (%) 18 (13.6) 12 (14.8) 30 (14.1)
Patient characteristics at last rhIGF-1 intaked

Age, years
Mean (SD) 12.9 (4.0) 11.6 (3.6) 12.4 (3.9)
Median (range) 13.0 (2–22) 12.0 (4–18) 12.6 (2–22)

Pubertal stage at last visit while on treatment, n (%) 115 75 190
1 56 (48.7) 38 (50.7) 94 (49.5)
2 14 (12.2) 10 (13.3) 24 (12.6)
3 11 (9.6) 9 (12.0) 20 (10.5)
4 19 (16.5) 12 (16.0) 31 (16.3)
5 15 (13.0) 6 (8.0) 21 (11.1)

Missing data 17 6 23
Height, cm
n 131 79 210
Mean (SD) 135.1 (22.4) 128.0 (19.7) 132.4 (21.7)

Height SDS
n 131 79 210
Mean (SD) -2.9 (1.5) -3.0 (1.5) -2.9 (1.5)

BMI SDS
n 131 79 210
Mean (SD) -0.1 (1.5) -0.4 (1.4) -0.2 (1.5)

Bone age, years
n 34 16 50
mean (SD) 10.2 (4.4) 10.6 (3.3) 10.3 (4.0)

Height velocity, cm/y
n 88 51 139
Mean (SD) 5.3 (2.3) 4.7 (2.0) 5.1 (2.2)
Frontiers in Endocrinology | www.frontiersin.org
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aPrepubertal patients not treated with a gonadotropin-releasing hormone agonist.
bIn prepubertal patients followed until the end of puberty (excluding patients treated with gonadotropin-releasing hormone agonist), 14 were non naïve, including 11 previously treated with
rhGH, 2 previously treated with rhIGF-1, and 1 previously treated with both rhGH and rhIGF-1.
cMore than one diagnosis is possible.
dOr the time of evaluation if treatment with rhIGF-1 was ongoing.
GH, growth hormone; IGF-1, insulin-like growth factor-1; SD, standard deviation; SDS, standard deviation score.
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A

B

FIGURE 1 | Mean age of entry into Tanner stage* and mean height SDS at each Tanner stage in rhIGF-1-treated children compared with reference population (18).
(A) Boys. (B) Girls. Reference population: healthy Caucasian children from public schools in Denmark between 1991–1993. A total of 826 boys and 1100 girls (aged
6.0 to 19.9 years) were included. Dashed lines show 95% confidence intervals for the Eu-IGFD Registry population. *Except T1 values, which are age at last T1. aFor
children in the Eu-IGFD Registry, this was the mean age at first registration into each Tanner stage. SPIGFD, severe primary insulin-like growth factor-1 deficiency;
SD, standard deviation; SDS, standard deviation score.
TABLE 2 | Height SDS at different Tanner stages of the subgroup of children receiving rhIGF-1 who reached the end of puberty during the time period of this analysisa.

Boys (n=25) Girls (n=11)

BL T1 T2 T3 T4 T5 BL T1 T2 T3 T4 T5

Age in years at Tanner
stage, mean (range)

10.9 (5.8
to 15.3)

12.6 (8.0
to 16.0)

13.1 (8.6
to 16.3)

14.2 (11.0
to 16.5)

15.2 (11.9
to 17.4)

16.3
(12.3 to
19.0)

9.1 (6.1
to 11.2)

10.8 (8.8
to 13.0)

11.5 (9.5
to 13.7)

12.4 (10.6
to 15.9)

13.4 (11.0
to 15.4)

14.7 (12.0
to 17.4)

Height SDS, mean
(range)

-3.7 (-7.0
to -1.7)

-3.1 (-3.7
to -2.4)

-2.9 (-6.1
to -1.3)

-2.8 (-6.6
to -0.8)

-2.9 (-7.0
to -1.2)

-2.6 (-6.9
to -0.5)

-3.1 (-5.9
to -2.0)

-2.7 (-3.1
to -2.1)

-2.6 (-4.6
to -1.1)

-2.3 (-5.1
to -1.1)

-2.3 (-6.1
to -0.9)

-2.3 (-6.5
to -1.0)
Frontiers in Endocrinology
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e 13 | Arti
aat latest registration of T1, and at first registration of T2, T3, T4 and T5.
BL, baseline; SDS, standard deviation score.
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Mean (SD) growth recorded between the last registration of
T1 and first registration of T4 was 17.0 (6.4) cm in boys (n=40)
and 17.5 (3.8) cm in girls (n=23), and between the last
registration of T1 and first registration of T5 was 25.2 (7.2) cm
in boys (n=24) and 20.8 (3.9) cm girls (n=11).

Safety
In this population of 213 patients who were prepubertal at
the time of initiation of rhIGF-1 treatment, 143 (67.1) had at
least one treatment-emergent AE (TEAE; Table 3). The three
most frequent TEAEs were: hypoglycaemia, 23.9%;
lipohypertrophy, 11.7%; and headache, 11.7% (Table 3).
Frontiers in Endocrinology | www.frontiersin.org 671
Targeted TEAEs were reported in 109 patients (51.2%), and
15 patients (7.0%) had 25 serious targeted TEAEs. Twenty-two
patients (10.3%) had 39 serious TEAEs that were considered,
by the investigator, to be related to treatment. Neoplastic
TEAEs were reported in six patients: two cases of
melanocytic naevus, and one each of dysplastic naevus,
haemangioma of skin, myelodysplastic syndrome and
papillary thyroid cancer. Eleven patients (5.2%) withdrew
because of TEAEs. Two patients (0.9%) had a fatal TEAE:
one patient had myelodysplastic syndrome; and one patient
had a complication of a bone marrow transplant. In both
patients there were other confounding medical conditions and
A

B

FIGURE 2 | Maximum height velocity at each Tanner stage in children receiving rhIGF-1 for growth failure. (A) Boys. (B) Girls. The middle box represents the
interquartile range; the mid-line represents the median value. The upper/lower whiskers represent the upper and lower quartiles. SPIGFD, severe primary insulin-like
growth factor-1 deficiency.
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death was considered unrelated to the study drug by the
reporting investigators.
DISCUSSION

The results from this analysis of Eu-IGFD Registry population of
rhIGF-1-treated patients with SPIGFD and growth failure suggest
that puberty is delayed by approximately 1.5 years and that PPHV
Frontiers in Endocrinology | www.frontiersin.org
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is delayed in both sexes despite ongoing rhIGF-1 treatment.
Treatment with rhIGF-1 may provide improvements in
measures of pubertal growth dynamics, including maintenance
of (boys) or slight further increase (girls) in height SDS during
puberty. The total pubertal height gain in the limited number of
patients with SPIGFD reaching T5 during the time period of this
analysis was within the expected range for healthy boys and girls,
respectively, as was the duration of puberty (last T1 through to
T5) (18). The dose of rhIGF-1 may be of importance, and for
safety reasons should not exceed 120 µG/kg bid (4), nevertheless
in this analysis, not all of the patients received the recommended
maximum dose of rhIGF-1. However, the responsiveness to
rhIGF-1 is likely to be individual and we have previously failed
to identify an rhIGF-1 dose that can predict the first year height
response in patients with or without Laron syndrome (12).

Data on age of entry into Tanner stages were compared with a
reference population (consisting of 826 and 1100 healthy
Caucasian boys and girls, respectively), aged 6.0 to 19.0 years,
from public schools in Denmark between 1991 and 1993 (18).
These normative data were used because they provide reliable
information from a large European population sample. When
compared with this reference population, the Eu-IGFD Registry
population started puberty approximately 1.5 years later. Laron
et al. (19) described reference values for untreated children with
SPIGFD, in which the authors noted that puberty was more
delayed in boys than in girls: the mean onset of puberty in girls
with Laron Syndrome was 10.7 (0.7) years and 15.6 (2.6) years in
boys with Laron Syndrome (compared with 12.1 years and 13.3
years, respectively, in the rhIGF-1-treated Eu-IGFD population).
Thus rhIGF-1 treatment of patients with SPIGFD does not
appear to completely correct the age at which puberty occurs.

The population in the Eu-IGFD Registry reported here
reached a maximum height velocity later in life than historical
TABLE 3 | Overview of frequently reported (≥2% of patients) treatment-emergen
adverse events in children receiving rhIGF-1 with growth failurea.

Number of patients (%)b (N = 213

Any TEAE 143 (67.1)
Serious TEAE 47 (22.1)
Treatment-related TEAE 107 (50.2)
Targeted TEAE 109 (51.2)
Most frequent TEAEs (≥2% of
patients)
Hypoglycaemia 51 (23.9)
Lipohypertrophy 25 (11.7)
Headache 25 (11.7)
Tonsillar hypertrophy 22 (10.3)
Otitis media 17 (8.0)
Insulin-like growth factor increased 12 (5.6)
Deafness 8 (3.8)
Adenoidal hypertrophy 6 (2.8)
Injection site pain 6 (2.8)
Acromegalyc 6 (2.8)
Sleep apnoea 5 (2.3)
aMedian duration of follow-up from the start of rhIGF-1 treatment, 4.3 years.
bWith at least one event.
cAcromegalic facial changes
TEAE, treatment-emergent adverse event; TSH, thyroid stimulating hormone.
FIGURE 3 | Pubertal stage at pubertal peak height velocity in children receiving rhIGF-1 for SPIGFD with growth failure. Percentage of patients who started puberty
with available data on PPHV, and stage at which PPHV occurred. Percentages for each gender do not add up to 100% as Tanner stage 5 has been omitted from
this figure. PPHV, pubertal peak height velocity; SPIGFD, severe primary insulin-like growth factor-1 deficiency.
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healthy controls [15.2 years vs approximately 13.5 years for boys,
respectively (20); 13.3 years vs approximately 11.5 years for girls,
respectively (20)]. However, untreated children with SPIGFD
lack the typical pubertal growth spurt usually seen in children
without GH insensitivity (19), and therefore, in the Eu-IGFD
Registry population, rhIGF-1 treatment may restore, to a certain
extent, the pubertal growth spurt compared with no treatment.
Nevertheless, further research is needed to confirm these
findings. PPHV was approximately 2 cm/year lower in patients
with growth failure included in the Eu-IGFD Registry than in
healthy populations (20).

The AE profile reported in this analysis of the Eu-IGFD
Registry is generally consistent with previous reports of AEs
during long-term treatment with rhIGF-1 (6). rhIGF-1 treatment
may increase the risk of benign and malignant neoplasia in
patients with SPIGFD (4, 21); therefore, special consideration of
these events in this Registry population is important. Although
available data do not allow calculations of relative risk, the
current analyses included six neoplasm TEAEs (2.8% of the
population). In those who receive rhIGF-1 treatment for
unapproved uses or at above the recommended doses, risk of
neoplasia may be higher. Clinicians should be vigilant for
potential malignancy symptoms and if neoplasia develops,
rhIGF-1 treatment should be discontinued, and appropriate
expert medical care sought. However, the data in this study do
not raise any new safety concerns.

While the Eu-IGFD Registry is a robust source of long-term
data in a large Europe-wide population, an updated analysis of
the data would provide a larger dataset for analysis of near adult
height and pubertal growth characteristics. Other limitations in
these data stem from the non-interventional nature of the Eu-
IGFD Registry. For example, the frequency of visits to physicians
may have resulted in some stages of puberty being unrecorded.
There are also insufficient data on patients who stopped
treatment before puberty. As is typical of registries, there is no
comparator group and the use of previously published
populations (e.g., from Denmark and the UK) may be sub-
optimal, but studies of healthy children across the same
geographical range as the Eu-IGFD are lacking. Furthermore, it
was not possible to establish representative control populations
as the ethnicity, country of origin and immigrant status of the
study population were not routinely collected in the Registry.
Nevertheless, while this represents a drawback of the current
analysis, the use of a control group originating from Europe and
inclusion of comparator populations large enough to be
considered reliable may mitigate these methodological
limitations to some extent. In previous analyses of height data
from the Eu-IGFD Registry, we focused on children who were
prepubertal and naïve to treatment that may affect growth. In the
current analysis, most patients (157 of 213) were treatment naïve,
but importantly 14 of the 36 children who reached the end of
puberty had received prior growth-promoting therapy, including
11 previously treated with rhGH, 2 previously treated with
rhIGF-1, and 1 previously treated with both rhGH and
rhIGF-1. We do not yet have data regarding the first-year
height response in patients previously treated with growth-
promoting therapy compared with treatment-naïve patients,
Frontiers in Endocrinology | www.frontiersin.org 873
but responses may be lower than in treatment-naïve patients.
This means there is a potential risk of underestimating the first-
year height response in the group of children that reached T5,
and were prepubertal at start of rhIGF-1. It is worth noting here
that rhIGF-1 is approved for patients with SPIGFD and GH
sufficiency, and therefore, is not considered a reasonable
alternative to rhGH treatment in GH-sensitive patients.
Despite these limitations, these data are the first of their kind,
and therefore do add to our knowledge on the impact of rhIGF-1
on pubertal growth dynamics.

The results from this analysis provide further support to the
concept that the GH/IGF-1 axis has a crucial role in gonadal
function and pubertal development. While there has been a lack
of direct evidence showing the benefit of IGF-1 treatment on
pubertal development in patients with SPIGFD, indirect
evidence has come from studies in patients with GH
insensitivity syndrome, which offer a unique human model to
study the effects of congenital IGF-1 deficiency. In these
patients, pubertal development is delayed and genitalia and
gonads are typically small (8, 9). Furthermore, findings from in
vivo and clinical studies have demonstrated the importance of
IGF-1 in supporting testicular function and steroidogenesis
(10, 11).

In conclusion, boys and girls treated with rhIGF-1 for
SPIGFD with growth failure experienced an increase in height
SDS compared with baseline. rhIGF-1-treated patients entered
puberty at an older age than children in a previously reported
healthy population; and PPHV was achieved later in life and was
lower overall than in a previously reported healthy population.
Despite an older age at pubertal start, rhIGF-1 treated children
with SPIGFD maintain or slightly increase their height SDS
during pubertal years. Current knowledge of IGF-1 biology
indicates that IGF-1 could play a role in malignancies in all
organs and tissues. Physicians should therefore be vigilant of any
symptoms of potential malignancy. If benign or malignant
neoplasia develops, rhIGF-1 treatment should be discontinued,
and appropriate expert medical care sought immediately.
Overall, the AEs seen in this analysis were in line with the
known safety profile of rhIGF-1. Data from this analysis suggest
that, compared with no treatment, rhIGF-1 may provide
improvements for children with growth failure due to SPIGFD.
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United Kingdom

Objective: This study aimed to assess patient perceptions of the use of the EasyPodTM

growth hormone delivery device and its association with compliance.

Methods: This cross-sectional, multicenter study was conducted in six centers from

three countries (United Arab Emirates, Oman, and Saudi Arabia,) between March 2020

and June 2020. Children and adolescents aged 3–18 years, diagnosed with growth

disorders and receiving rhGH through the EasyPodTM device were enrolled. Patients

and caregivers were given a pre-set questionnaire that evaluated patient satisfaction,

preference for technical and personalized features, and device drawbacks. The results

were analyzed using independent measures of analysis of variance to evaluate the

association of higher satisfaction with device features and better compliance.

Results: A total of 186 patients were enrolled in the study. Of these, 45.7% had GH

deficiency. The mean age (±SD) of patients was 11.8 (±2.76) years; 117 (62.90%) were

males. Average compliance was 87%. One hundred patients (53.76%) had injection

compliance of ≥90%. Amongst these patients, 74%, 68%, and 77% top-scored (5/5)

the technical features of hidden needle, skin sensor, and pre-set dosing, respectively,

compared to top scores by 39%, 34%, and 51% patients in the <90% compliance group

(p-value <0.05). Similarly, a statistically significant difference was observed between

the groups (p-value <0.05) in the perception of the usefulness of the tracking features

such as display of history of injected doses (78% vs. 47.7%), a reminder for medicine

remaining (46% vs. 23.3%) and battery power indicator (48% vs. 20.9%). Personal screen

messages were associated with higher compliance while the requirement to keep the
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device in the fridge was reported as the most inconvenient feature by 56% of patients in

the higher compliance group as against 39.5% in the lower compliance group (p-value

<0.05). There was no statistically significant difference in the intensity of pain reported in

the two compliance groups.

Conclusion: Our study showed that there is a statistically significant association

between better perception of device features and higher compliance.

Keywords: EasyPodTM, growth hormone deficiency, recombinant human growth hormone, injector device

features, compliance

INTRODUCTION

The availability of recombinant human growth hormone (rhGH)
has made GH treatment for short stature widely available (1).
Growth hormone treatment has a wide list of indications, some
of which have received approval from the Food and Drug
Administration or European Medicines Agency. These include
GH deficiency (GHD), Turner syndrome, short stature related
to a birth size small for gestational age (SGA), idiopathic short
stature, and growth failure in pre-pubertal children due to
chronic renal insufficiency (CRF) (2–4).

GH therapy has been demonstrated to improve short-
term growth and adult height in approved indications (5).
However, considerable variability in response has been noted
depending on the age at the start of therapy, GH dose, genetic
conditions, concomitant illness, and compliance (3, 6). As with
any chronic long-term treatment, rhGH treatment is burdened
with suboptimal adherence, especially in a pediatric population
(7). Factors affecting adherence to GH therapy include the
patients’ preference for the GH delivery device, its simplicity,
and convenience, as well as appropriate education and technical
training (8). Daily subcutaneous GH injections can create a
significant treatment load, negatively influencing adherence to
therapy (2). Adherence to the recommended treatment regimen
is important for successful outcomes with rhGH therapy to
ensure that patients reach their target height (9). Low adherence
is also associated with less favorable clinical outcomes and
increased healthcare costs (10).

Several strategies have been proposed to improve adherence.
These include improving device simplicity, convenience, and
education and training of patients and parents (2). A recent
survey of patients, parents, physicians and nurses with experience
in the administration of rhGH suggested that reliability, ease
of use, lack of pain during injection, safety in use and
storage, and a minimum number of steps before injection
preparation, were all important factors (10). In addition, a good
tracking system to objectively monitor treatment adherence
was considered extremely important by the treating physicians
(10). Precise information on treatment adherence allows the
clinician to exclude poor adherence as a possible reason for sub-
optimal growth response, driving further treatment adjustment
(2). Multiple long-acting GH (LAGH) preparations are also
currently being developed in an attempt to decrease GH injection
frequency from daily to weekly, biweekly, or monthly, thereby
attempting to improve adherence (11).

EasyPodTM is an electronic auto-injector device that is
equipped for adherence monitoring. It has several features
including pre-set dosing, adjustable injection settings, and
monitoring of adherence using an injection log that records
injection history, which can be accessed by patients and clinicians
to monitor adherence. The device is equipped with other
functions such as screen reminders for battery life, medication
cartridge filling, and the number of medication doses left to
encourage better compliance. In addition, the device has specific
features to encourage children to use it, including protective
skin covers, colorful device screen outliners, customized screen
messages, and screen photographs of the patients’ choice. These
features are intended to create a bond between children and their
devices and improve compliance.

The present study was carried out to assess patient
satisfaction with the technical and tracking features of the
EasyPodTM delivery device and its association with compliance.
We also aimed to explore the most preferred personal
features of the device, patients’ scoring of pain severity, and
drawbacks of the device. This users’ feedback will enable the
application of various improvement strategies on the device,
encouraging better utilization with the ultimate aim of improving
treatment adherence.

MATERIALS AND METHODS

Structure of the Study
This was a questionnaire-based, multicenter, survey study
conducted from the 1st of March to the 30th of June 2020.
The initial study was planned to be carried out at eight
centers from three countries (United Arab Emirates, Oman,
and Saudi Arabia), but due to the lack of compliance data
from two centers, the final data analysis was carried out with
data from six centers. A total of 186 children and adolescents
diagnosed with growth disorders in the age group of 3–18 years
and receiving rGH (Saizen R©, Merck Serono International SA,
Geneva, Switzerland) through the EasyPodTM (Merck Serono
International SA, Geneva, Switzerland) device were enrolled in
the survey. All enrolled subjects were on GH treatment for a
variable period, with a mean (±SD) duration of 3.74 (±2.9)
years and were using the EasyPodTM device only. Participants
above 12 years mostly self-injected, while younger children were
helped by their parents/carers to inject. Informed consent was
obtained from the participants and/or their parents. The patients’
compliance to injectable therapy was reviewed by downloading
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the data recorded in the device and is taken as a percentage over
the latest 3–6 months period of use.

The aim of the study and details of the questionnaire were
explained to the participants by the study team consisting of
pediatric endocrinologists and endocrine nurses. The study was
approved by local institutional review boards.

Scoring Systems Within the Questionnaire
The questionnaire was designed by co-authors who formed a
focus group to assess users’ satisfaction and perception of use. It
was validated for use by multiple trials in the clinic with staff and
users before commencing the study. It included questions on five
main areas related to the device (Appendix).

1. Patient satisfaction with the technical features (Q1)
2. Patients’ views on tracking features and compliance

support (Q2-3)
3. Patients’ preferred personalized feature (Q4)
4. Patient scoring of pain on device use (Q5)
5. Experience on device drawbacks (Q6)

The Question on satisfaction with technical features (Q1) of the
device was scored on a 5-point scale, with 1 being un-useful, 2
less useful, 3 neutral, 4 useful and 5 being very useful. Tracking
features were assessed in 2 questions. Question 2 was scored
on a 5 points scale (as above) and Question 3 was designed to
have an answer of either “Yes,” “No,” or “Neutral.” Inquiry on
preferred personalized device features (Q4) was assessed through
a multiple-choice question in which a list of personalized features
was given to choose from. Pain intensity was scored on a 5- point
scale, with 1 being completely painless, 2 minimal, 3 mild pain, 4
moderate pain and 5 being very painful (Q5). Views on device
drawbacks were enquired about in a multiple-choice question
which users scored for the most appropriate answer (Q6).

Endpoints of the Survey
The primary endpoint of the survey was to assess patient
satisfaction with the technical and tracking features of the
EasyPodTM delivery device and its association with compliance.
The secondary endpoint was to explore patients’ preferred
personalized device features, pain experience, and device
drawbacks. Device compliance of 85% is considered to be
satisfactory as per the literature (9, 12). However, considering the
overall high compliance in our cohort, we considered compliance
of 90% or more as the cut-off level to perform a segmental
analysis on this proportion of patients.

Statistics and Data Analysis
Standard descriptive statistics and demographic and primary
data analysis was carried out in 186 patients. The proportion
analysis of patients who rated the automated dose delivery and
tracking features as being “very useful” and helpful in tracking
and increasing compliance was summarized using frequency
count. Mean (± SD) values were calculated for the baseline
characteristics of patients’ ages and duration of treatment with
GH. The data was divided into two subgroups based on
compliance (<90% compliance and ≥90% compliance). For
ordinal data obtained fromQ1, Q2, andQ5, the Kruskal-Wallis H

test (sometimes also called the “one-way ANOVA on ranks”) was
used to determine if there are statistically significant differences
between the two groups (compliance <90% vs. ≥90%) to an
independent variable on a continuous dependent variable. For
categorical data (Q3, Q4, Q6), univariate logistic regression
analysis was used for statistically significant differences between
two or more groups (compliance <90% vs. ≥90%).

RESULTS

Subjects and Diagnoses
A total of 186 subjects were enrolled from six centers in three
countries (Center 1: 32, Center 2: 12, Center 3: 17, Center 4:
65, Center 5: 40, Center 6: 20). The mean age ± SD of the
enrolled patients was 11.8 ± 2.76 years. There were 117 males
and 65 females in the study. Gender information was missing
for four patients. The mean ± SD duration of treatment with
growth hormone was 3.74 ± 2.9 years. The mean percentage
of compliance recorded was 87% (range: 50–100%). A hundred
patients (53.76%) had injection compliance of ≥90%; mean
compliance in this group was 95% (range: 90–100%). The average
duration of use of the device in these patients was 3.49 ± 2.98
years compared to 3.56 ± 2.33 in the 86 patients with <90%
compliance (mean compliance of 79%; range: 50–89%). Twenty-
nine patients had 100% compliance and the average duration
of use in these patients was 2.57 ± 2.76 years. The majority of
patients were diagnosed with GH deficiency (48.9%) of which
6 patients (6.6%) had panhypopituitarism. Other diagnoses
were idiopathic short stature (21.5%), small for gestational age
(15.6%), chronic renal failure (3.2%), and Turner’s syndrome
(3.2%). Other conditions included were Noonan syndrome
(2.7%), skeletal dysplasia (2.2%), Fanconi Bickel syndrome
(1.1%), rheumatoid disease (0.5%), and osteogenesis imperfecta
(0.5%). Data on diagnosis was missing for one patient (Table 1).

Scoring of Automated Dose Delivery
Features of the Device
The data set for the primary endpoint analysis comprised of
186 patients. The technical features of the device were scored
as follows: 74% of patients in the higher compliance group of
≥90% reported the hidden needle feature to be “very useful”
compared to 45.3% in the lower compliance group. Similarly,
the skin sensor and pre-set dosing facility were scored as “very
useful” by 68 and 77% of patients, respectively, in the higher
compliance group as compared to 39.5 and 59.3% in the lower
compliance group (Table 2). A Kruskal-Wallis H test showed
that there was a statistically significant difference in perception
regarding the usefulness of the hidden needle feature between the
two compliance groups (<90% vs. ≥ 90%, [χ2 (1) = 18.943, p <

0.001]), with a mean rank of 77.31 in the <90% compliant group
and 107.42 in the ≥90% compliant group. Similarly, patients in
the ≥90% compliance group were statistically significantly more
satisfied with the skin sensor feature [mean rank of 78.80 in the
<90% compliance group and 106.14 in the ≥90% compliance
group; χ2 (1)= 14.756, p< 0.001], and the pre-set dosing feature
[mean rank of 84.56 in the <90% compliance group and 101.18
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TABLE 1 | Baseline demographic profile (N = 186).

Mean (±SD) age 11.8 (±2.76)

Sex ratio (M:F)a 117:65

GH indicationb N (%)

GH deficiency N (%) 91 (48.9)

Panhypopituitarism 6 (6.6%)c

Idiopathic short stature N (%) 40 (21.5)

Small for gestational age N (%) 29 (15.6)

Chronic renal failure N (%) 6 (3.2)

Turners syndrome N (%) 6 (3.2)

Noonan syndrome N (%) 5 (2.7)

Skeletal dysplasia N (%) 4 (2.2)

Fanconi Bickel syndrome N (%) 2 (1.1)

Rheumatoid disease N (%) 1 (0.5)

Osteogenesis imperfect N (%) 1 (0.5)

Total 185

Duration of GH indication in years [Mean (±SD)] 3.74 (±2.9)

Average compliance (%) 87%

Mean compliance (<90%) (Range) 79% (50–89%)

Mean compliance (≥90%) (Range) 95% (90–100%)

aGender information is missing for four patients.
b Indication data is missing for one patient.
cProportion of patients with GH deficiency.

in the ≥ 90% compliance group; χ
2 (1) = 6.616, p = 0.010]

compared to patients in the <90% compliance group.

Tracking Features
Among the tracking features, a statistically significant higher
proportion of patients (78%) in the ≥90% compliance group
reported the feature of the history of injected and missed doses to
be “very useful” as compared to 47.7% in the <90% compliance
group (<90% vs. ≥90%, [χ2 (1) = 23.266, p < 0.001]) (Table 2),
with a mean rank of 75.92 in the <90% compliance group and
108.62 in the ≥90% compliance group.

The feature of medicine left in cartridge reminder and the
battery power indicator was rated to be “very useful” by 46
and 48%, respectively, by patients in the higher compliance
group (Table 2). This was significantly higher than the patients
in the lower compliance group (23.3 and 20.9%) (p < 0.001).
A Kruskal-Wallis H test showed that there was a statistically
significant difference in perception regarding the cartridge
change notification feature between the different compliance
groups [<90% vs. ≥90%; χ

2 (1) = 17.908, p < 0.001], with a
mean rank of 76.18 in the <90% compliance group and 108.40
in the ≥90% compliance group. Similarly, a Kruskal-Wallis H
test showed that there was a statistically significant difference in
perception regarding the battery power left notification feature
between the different compliance groups [<90% vs. ≥90%; χ

2

(1)= 20.375, p < 0.001], with a mean rank of 74.96 in the <90%
compliance group and 109.44 in the ≥90% compliance group.

Among highly compliant patients, 80% found the tracking
features of the device to be useful in tracking missed doses and
in encouraging their child to be more compliant. However, a
Chi-square test showed that this number was not statistically

significantly higher [χ2 (1) = 1.183, p = 0.277] than that in the
lower compliance group (<90%).

Personalized Features
A Chi-square test was not statistically significant between
compliance groups in choice of personalized device features such
as colorful covers [χ2 (1) = 1.151, p = 0.562], device skins [χ2

(1) = 0.058, p = 0.810] and welcome picture [χ2 (1) = 0.786,
p = 0.375]. However, the personal screen message feature was
significantly [χ2 (1) = 4.212, p = 0.040] associated with a higher
(≥90%) compliance status (Table 3).

Pain on Injection
In the higher compliance group, 48% of patients reported no pain
experience on using the device (score of 1/5) and none reported
a score of 5/5 (indicative of severe pain). Further, 49% of patients
reported minimal to mild pain (scores of 2/5 and 3/5) in this
group. However, a Kruskal-Wallis H test showed that there was
no statistically significant difference in pain scores between the
two compliance groups [<90% vs. ≥90%; χ

2 (1) = 1.359, p =

0.244], with amean rank of 97.10 for compliance<90% and 88.55
for compliance≥90% (Table 4).

Most Inconvenient Feature
The requirement of keeping the device in the fridge was reported
as the most inconvenient feature in the higher compliance
group by 56% of patients as compared to 39.5% patients in the
lower compliance group (p-value <0.05). However, there was
no statistically significant association between choice of others
features such as special batteries [χ2 (1) = 3.395, p = 0.183],
special needles [χ2 (1) = 3.145, p = 0.208] and heavy device
[χ2 (1) = 4.555, p = 0.103] as being the most inconvenient, and
compliance status (Table 5).

An analysis to evaluate the association between the scores
and age of the patient did not show any statistically significant
difference (≤10 years and >10 years).

DISCUSSION

In the present study, patients and their parents or caregivers
were surveyed over 4 months to evaluate patients’ perception
of various functionalities of the device and its impact on
compliance. The study demonstrated a high GH treatment
compliance in children and adolescents (87%), which is more
than the minimum percentage recommended to be considered
as optimal adherence to hGH administration (85%) (9, 12). The
present study results demonstrated that higher scores of patient
satisfaction with the technical and the tracking features of the
EasyPodTM delivery device were significantly associated with
higher compliance.

Over the years, several attempts have been made to
understand patient needs and improve device design.
The traditional syringes with needles have been replaced
with more innovative user-friendly devices that include
injection pens, self-injection pens, needle-free devices,
and electronic devices with the potential to improve
adherence. Adherence to treatment plays a vital role in
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TABLE 2 | Comparison between compliance groups for the usefulness of automated dose delivery and tracking features (N = 186).

Compliance

(<90%)*

(n = 86)

Compliance

(≥90%)*

(n = 100)

Total*

(n = 186)

χ
2 test

statistics

P-value

Automated dose delivery features

Hidden needle that auto-injects the medicine Un-useful 0 (0.0) 0 (0.0) 0 (0.0) 18.943 <0.001

Less useful 9 (10.5) 1 (1.0) 10 (5.4)

Neutral 16 (18.6) 7 (7.0) 23 (12.4)

Useful 22 (25.6) 18 (18.0) 40 (21.5)

Very Useful 39 (45.3) 74 (74.0) 113 (60.8)

Skin sensor that helps with injection technique Un-useful 0 (0.0) 0 (0.0) 0 (0.0) 14.756 <0.001

Less useful 4 (4.7) 0(0.0) 4 (2.2)

Neutral 15 (17.4) 11 (11.0) 26 (14.0)

Useful 33 (38.4) 21 (21.0) 54 (29.0)

Very Useful 34 (39.5) 68 (68.0) 102 (54.8)

Preset dosing so no daily dialing is required Un-useful 0 (0.0) 1 (1.0) 1 (0.50) 6.616 0.010

Less useful 0 (0.0) 0 (0.0) 0 (0.0)

Neutral 15 (17.4) 8 (8.0) 23 (12.4)

Useful 20 (23.3) 14 (14.0) 34 (18.3)

Very Useful 51 (59.3) 77 (77.0) 128 (68.8)

Tracking features

History of injected and missed doses Un-useful 14 (16.3) 2 (2.0) 16 (8.6) 23.266 <0.001

Less useful 4 (4.7) 0 (0) 4 (2.2)

Neutral 14 (16.3) 6 (6.0) 20 (10.8)

Useful 13 (15.1) 14 (14.0) 27 (14.5)

Very Useful 41 (47.7) 78 (78.0) 119 (64.0)

Amount of medicine left in cartridge reminding

patients of time to change cartridge

Un-useful 7 (8.1) 2 (2.0) 9 (4.8) 17.908 <0.001

Less useful 15 (17.4) 5 (5.0) 20 (10.8)

Neutral 24 (27.9) 19 (19.0) 43 (23.1)

Useful 20 (23.3) 28 (28.0) 48 (25.8)

Very Useful 20 (23.3) 46 (46.0) 66 (35.5)

Battery power left Un-useful 15 (17.4) 4 (4.0) 19 (10.2) 20.375 <0.001

Less useful 9 (10.5) 9 (9.0) 18 (9.7)

Neutral 26 (30.2) 14 (14.0) 40 (21.5)

Useful 18 (20.9) 25 (25.0) 43 (23.1)

Very Useful 18 (20.9) 48 (48.0) 66 (35.5)

*n (%).

TABLE 3 | Comparison between compliance groups for the preferred personalized device features (N = 186).

Compliance

(<90%)*

(n = 86)

Compliance

(≥90%)*

(n = 100)

Total*

(n = 186)

χ
2 test

statistics

P-value

Colorful covers 22 (25.6) 22 (22.0) 44 (23.7) 1.151 0.562

Device skins 16 (18.6) 20 (20.0) 36 (19.4) 0.058 0.810

Welcome picture 20 (23.3) 18 (18.0) 38 (20.4) 0.786 0.375

Personal screen message 44 (51.2) 66 (66.0) 110 (59.1) 4.212 0.040

*n (%).

the overall clinical outcomes of GH therapy (3). In a
large multinational, observational study enrolling children
receiving GH treatment through the EasyPodTM device,
conducted between 2010 and 2016, it was observed that better

adherence to treatment resulted in significant positive growth
outcomes (13). Poor compliance resulted in significantly lower
growth rates in comparison to patients who missed fewer
doses (14).
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TABLE 4 | Comparison between compliance groups for the perception of pain with EasyPodTM device (N = 186).

Compliance

(<90%)*

(n = 86)

Compliance

(≥90%)*

(n = 100)

Total

(n = 186)

χ
2 test

statistics

P-value

How painful do you find injection with EasyPod Complete Painless 36 (41.9) 48 (48.0) 84 (45.2) 1.359 0.244

Minimal Pain 23 (26.7) 30 (30.0) 53 (28.5)

Mild Pain 25 (29.1) 19 (19.0) 44 (23.7)

Moderate Pain 1 (1.2) 2 (2.0) 3 (1.6)

Very Painful 0 (0.0) 0 (0.0) 0 (0.0)

*n (%).

TABLE 5 | Comparison between compliance groups for the most inconvenient feature of the device.

Compliance

(<90%)*

(n = 86)

Compliance

(≥90%)*

(n = 100)

Total*

(n = 186)

χ
2 test

statistics

P-value

It has to be kept in the fridge 34 (39.5) 56 (56.0) 90 (48.4) 13.971 0.003

Special batteries 20 (23.3) 18 (18.0) 38 (20.4) 3.395 0.183

Special needles 22 (25.6) 27 (27.0) 49 (26.3) 3.145 0.208

Heavy device 39 (45.3) 34 (34.0) 73 (39.2) 4.555 0.103

*n (%).

Studies have suggested that decreased adherence may occur
with increasing duration of treatment due to lack of enthusiasm
or motivation about adhering to treatment compared with those
new users, who may be more diligent (15). In the study by
Koledova et al., median adherence rates were high (94%) in the
first year of treatment which gradually decreased over follow-
up, but a majority of patients maintained ≥80% of adherence
over 3 years of treatment (13). In our study too, the average
duration of use in patients who had 100% compliance was 2.57
± 2.76 years, while the entire study population which reported
an average duration of use of 3.74 ± 2.9 years showed a lower
compliance rate of 87%.

Most common device-related features that impact adherence
levels as reported by parents include the product delivery system,
its simplicity, convenience, and ease of use, and availability
of appropriate training in the administration technique (8,
16). In a study to compare the optimum device for GH
administration, a vial combined with an auto-injector or a
pen injection system using a cartridge was compared. The
study showed that patients preferred auto-injection devices over
manual insertion of a needle (17). Dahlgren et al. showed that
the auto-injector and skin sensor features of the EasyPodTM

device help in increasing the accuracy of auto-injection (18).
In an observational 3 month survey with children receiving
r-hGH through EasyPodTM, 82.5% of participants found the
electronic auto-injector easy/very easy to prepare, 92.4% of
patients said that the device was easy/very easy to use, 85.0%
rated the duration of injection as short/very short and 61.5%
reported experiencing no pain when injecting with the electronic
auto-injector (19). In our study too, patients were significantly
more satisfied with the automated dose delivery features of

the hidden needle, skin sensor, and pre-set dosing of the
EasyPodTM device and reported a higher compliance rate
of ≥90%.

The EasyPodTM device also has improvised display features.
The display screen is larger compared to other devices and
features high contrast and resolution to be easily read. Studies
have shown that the provision of clear instructions affects
patient preference for an injection device (20). Our study also
demonstrated a high preference for personal screen messages by
participants which was associated with higher compliance as well.

In a survey of another autoinjector GH administration device
(Sure PalTM), patients or their caregivers rated the dose-memory
function as being very helpful/helpful (66.2%). The EasyPodTM

device also has an inbuilt electronic adherence monitoring
system that provides physicians with personal adherence data. A
significantly higher number of patients in the high compliance
group of ≥90% found the downloadable and tracking feature of
the device to be useful in tracking injected and missed doses.
Various other functions such as screen reminders for battery
life and medication cartridge filling are also associated with
higher compliance.

Stanhope et al., showed that patients experienced less pain
with the auto-injector as compared to the pen and also
reported less wastage of growth hormone (17). The high patient
acceptance and satisfaction of the device in our study are
aligned with a favorable safety profile and a high proportion of
subjects reporting no pain (45.2%). None of the patients surveyed
reported severe pain, and only 3 reported moderate pain as
per the pain scale used. We hypothesize that the hidden needle
feature of the device could be a factor in reducing the pain as
the feature was rated highly by the majority of the subjects. It
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is reported that the hidden needle feature is less likely to make
the patient anxious and consequently less sensitive toward pain
(21). However, there is no statistically significant association in
the perception of pain with EasyPodTM and higher compliance.

It can be anticipated that parents well-informed on the
diagnosis, and the modalities and problems related to treatment
might be more motivated to do the best for their children, to
know all possibilities offered by the device. This would once
again underline the importance of accurate information given
to the parent at the beginning of treatment in order to obtain a
better result.

The current study results are in agreement with previous
studies using smaller sample sizes and shorter duration and
indicate a high level of patient acceptance of the electronic
auto-injector for the daily administration of GH. The features
of EasyPodTM are considered useful in routine practice and
a majority of participants express a desire to continue using
the device (22). Patient feedback on drawbacks and pain
scores can also provide a basis for improving the technical
features and better utilizing the comfort setting for further
improving compliance.

A limitation of the study was the design being a cross-
sectional open-label survey. The comparison between
treatment-naïve and treatment-experienced could not be
done. A controlled longitudinal design can be envisaged in
the future.

CONCLUSIONS

Patients in the ≥90% compliance group were more satisfied
with the automated dose delivery and tracking features of the
EasyPodTM device in comparison to those with lesser compliance.

Formal education of the device’s advanced technical features may
further improve satisfaction and ensure injection compliance.
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Background: Pediatric patients with growth hormone deficiency (GHD) are currently
treated with daily injections of recombinant human growth hormone (rhGH) to promote
linear growth and enable attainment of normal adult height. One of the main reasons for
suboptimal growth during rhGH therapy is non-adherence to treatment. The objective of this
systematic literature review was to examine the recent literature on pediatric adherence to
injectable treatments for chronic conditions (focusing on rhGH) to characterize levels of
adherence and identify the factors/barriers associated with adherence.

Methods: The Embase and MEDLINE databases (January 2015–October 2020) were
searched to identify publications describing studies of pediatric patients (aged ≤17 years)
with GHD and other chronic conditions requiring daily or weekly injectable treatments; a
similar targeted search of Chinese literature was also performed. Adherence data were
extracted from the included studies and summarized. Risk of bias was determined using
the Cochrane Risk of Bias tool 2 or the Newcastle-Ottawa Scale.

Results: A total of 23 publications were included, with all publications except for one
(multiple sclerosis) focused on pediatric GHD studies: there were two clinical trials, 18
observational studies and three survey studies. Study sample sizes ranged from 30 to
13,553 patients (median: 95 patients). The definition of adherence varied between studies
and included mean adherence rate, median adherence rate, and the percentage of
patients within pre-specified adherence categories. Of the publications assessing
adherence to daily rhGH, 11 studies reported 12-month mean adherence rate (range:
73.3%– 95.3%) and eight studies reported median adherence (range: 91%– 99.2%). The
n.org March 2022 | Volume 13 | Article 795224184
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barriers to treatment adherence identified included self-administration, increased
administration frequency, age (adolescence), longer treatment duration, device design,
and insufficient family education, awareness, and/or engagement. Recommendations for
increasing adherence included using adherence reminder tools, increasing patient
engagement/education, and improving injection device design and drug product.

Conclusions: Adherence to rhGH treatment was high (>80%) for many studies, though
comparability between studies was limited given the substantial heterogeneity in the way
adherence was defined, measured, and reported. To address this heterogeneity, we
recommend standardizing how adherence is defined and reported and encourage the use
of standardized study designs and outcome measures.
Keywords: adherence, injection, growth hormone, growth hormone deficiency, pediatric, systematic literature review
INTRODUCTION

Growth hormone deficiency (GHD) is characterized by
insufficient secretion of human growth hormone (hGH) from
the pituitary gland and low serum concentrations of insulin-like
growth factor-1 (IGF-1). In children with GHD, growth of
skeletal and muscle mass is reduced, resulting in delayed
puberty and height below the normal range. Treatment for
GHD consists of recombinant hGH (rhGH), which has been
shown to promote linear growth in children with GHD, enabling
them to achieve normal height in adulthood (1). Currently, most
forms of rhGH require administration via daily subcutaneous
(SC) injections. Despite the efficacy of rhGH and an increased
range of injection devices available to patients (1, 2), treatment
results can be suboptimal (3–5). The failure of patients with
GHD to reach target adult height despite receiving rhGH
treatment remains a prevalent outcome (1, 6).

Although the reasons for suboptimal outcomes following
rhGH treatment are likely to be multifactorial, it is widely
acknowledged that non-adherence to daily injections plays an
important role. A study of 217 GHD patients from six pediatric
endocrinology clinics in Turkey found that height velocity (HV)
and HV standard deviation scores (SDS) in patients with optimal
adherence to rhGH therapy were higher than in patients with
suboptimal adherence, as were levels of IGF-1, which was
correlated with HV and HV SDS (7). Two systematic literature
reviews (SLRs) in the last decade examined the paradigm
surrounding non-adherence (1, 8). The earlier SLR (1) found
that 5–82% of patients miss at least some rhGH doses. Fisher
et al. identified the following injection-related factors as being
associated with non-adherence: perceived difficulty of injections;
lack of choice of injection device; short duration of prescriptions;
and discomfort (1). The later SLR by Graham et al. (8) reported
that 7–71% of pediatric GHD patients were non-adherent. Of the
ct observational study; GH, growth
ncy; hGH, human growth hormone;
1, insulin-like growth factor-1; ISS,
athic arthritis; MS, multiple sclerosis;
ndomized controlled trials; rhGH,
; SC, subcutaneous; SD, standard
SLR, systematic literature review.

n.org 285
22 factors identified as being associated with non-adherence,
those related to daily injections included: injection-related pain
and discomfort; poor administration technique; forgetting
injections; disruption in supply of injections due to short
duration of prescriptions; and being away from home (8).

In order to better characterize the levels of adherence and the
factors associated with adherence in pediatric patients with
GHD, a review of the literature was performed to consider the
most recent evidence from the field. To capture insights beyond
the existing literature in this field (1, 8), the review also
considered evidence from other pediatric therapeutic areas that
require regular (daily or weekly) self- or caregiver-administered
injectable treatments. These included multiple sclerosis (MS),
juvenile idiopathic arthritis (JIA), and inflammatory bowel
disease (IBD). Specifically, this review investigates the drivers
and barriers to rhGH adherence, as well as recommendations
and best practices that can be applied to improve adherence
to rhGH.

The objectives of this SLR were to (i) summarize the recent
literature on pediatric adherence to injectable treatments for
chronic conditions, with a focus on rhGH, and (ii) identify
factors associated with pediatric adherence/non-adherence to
rhGH and other injectable treatments.
METHODS

This review was guided by the principles of the Interim Guidance
from the Cochrane Rapid Reviews Methods Group (9) and
guidance from the Centre for Reviews and Dissemination (10).
The eligible study populations, interventions, comparators,
outcomes, and study types (PICOS) are described in detail in
Table 1 and briefly below.
Eligibility Criteria
Studies evaluating pediatric patients (ages 17 years and younger)
with GHD and other chronic conditions (MS, JIA, or IBD)
requiring daily or weekly injectable treatments were eligible for
inclusion in this review. Studies that included young adults (e.g.,
March 2022 | Volume 13 | Article 795224
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ages 18–25 years) were eligible if they also included patients
younger than 18 years of age, meaning that some patients in the
transition period could be included. Studies reporting on self- or
caregiver-administered rhGH or an injectable drug, via an SC
route, for ongoing daily or weekly treatment of chronic
conditions (MS, JIA, or IBD) in pediatric populations were
eligible for inclusion. Studies with and without comparators
were eligible.

Publications were eligible for inclusion if they reported one or
more of the following outcomes: (i) clearly defined standardized
measures of adherence/non-adherence or compliance/non-
compliance AND reported prevalence of adherence/non-
adherence or compliance/non-compliance to injectable drugs
or (ii) identifiable and measured (a) barriers to adherence OR
(b) characteristics of patients, families/caregivers, providers, or
institutions associated with adherence/non-adherence to
treatment OR (c) properties of the treatment associated with
adherence/non-adherence. Observational studies (prospective or
retrospective; including cohort studies, cross-sectional studies, or
surveys), or randomized controlled trials (RCTs) or non-RCTs
(if reporting medication adherence or compliance) were eligible
Frontiers in Endocrinology | www.frontiersin.org 386
for inclusion. Publications were required to have been published
in peer-reviewed journals between 2015 and 2020.

Study Selection
Searches were conducted in the following databases: Embase® via
Ovid and MEDLINE® via Ovid. A detailed search strategy for each
database is presented in Supplementary Methods 1 and
Supplementary Tables S1, S2. From the records identified in the
database searches, one researcher (CR) excluded records that were
irrelevant, which were then checked by a second researcher (KS).
One researcher (KS) screened the titles and abstracts (Level 1) of the
identified publications against the eligibility criteria. A second
researcher (CR) screened 20% of the records to ensure agreement
of screening decisions. The records identified in Level 1 were then
subjected to full-text screening (Level 2) using the same process
(initial screen by KS followed by validation of 20% of the records by
CR). Screening discrepancies were discussed and resolved.

In addition to the Embase and MEDLINE searches, a targeted
search of the Chinese literature was also conducted to identify
additional publications on adherence to rhGH therapy in pediatric
populations. An author fluent in Chinese (DL) conducted a
TABLE 1 | Summary of eligibility criteria.

Included Excluded

Population • Children aged <18 years with GHD, an rhGH- indicated condition, or a chronic
condition requiring daily or weekly self- or caregiver-administered injectable
treatment (MS, JIA, IBD)

• Parents or caregivers of pediatric patients treated with regular injections for
these conditions

• Studies in adults or where outcomes of pediatric patients are
not reported separately from those of adult patients

Intervention • rhGH or a self- or caregiver-administered injectable drug (SC or IM) indicated
for ongoing daily or weekly treatment of chronic conditions (MS, JIA, IBD) in
pediatric populations

• Interventions that are not delivered by SC or IM injection (i.e.,
topical, oral, or infusion)

• Interventions that are not identified as SC or IM injection only
and that could include other administration routes (e.g.,
“biologics” if this category includes infused or IV agents)
(Supplementary Table S1)

Comparator • Any or none • Not applicable
Outcomes • Clearly identifiable/defined standardized measures (validated or non-validated)

AND reported prevalence of adherence/non- adherence or compliance/non-
compliance to injectable drugs, OR

• Explicitly identifiable and measured (a) barriers to adherence, OR (b)
characteristics of patients, families/caregivers, providers, or institutions
associated with adherence to prescribed treatment, OR (c) properties of the
treatment, such as administration route or schedule, associated with
adherence

• Publications that (a) do not define how adherence was
measured, or (b) do not report rate of adherence/non-
adherence (e.g., discontinuation or persistence only would be
excluded), or (c) do not report barriers/factors affecting
adherence

• For inclusion, outcomes must be reported for SC or IM
injectable drugs separately from infusion/IV, oral, or other
routes of administration (Supplementary Table S1)

Study
design

• Observational studies (prospective or retrospective; including cohort studies,
cross- sectional studies, or surveys)

• RCTs or non-RCTs (if reporting medication adherence or compliance)

• Studies with non-empirical, theoretical, or narrative discussion
of adherence and no quantitative measure of adherence

• Publications reporting methods or tool development, unless
they report either a quantitative measure of adherence/non-
adherence or factors associated with adherence

• Other study designs were not eligible (e.g., pre-clinical, case
reports/studies reporting patient- level data only, economic
studies, pooled data analyses, or meta-analyses)

• Systematic reviews published from 2015 onwards were not
eligible for inclusion but were hand-searched for additional
relevant references

Limits • Published in peer-reviewed journal from 2015 to 2020
• Studies not published in English will be considered, with data extraction limited

to English language elements and numerical data

• Unpublished data and data from conference abstracts
GHD, growth hormone deficiency; IBD, inflammatory bowel disease; IM, intramuscular; IV, intravenous; JIA, juvenile idiopathic arthritis; MS, multiple sclerosis; RCT, randomized contrail
trial; rhGH, recombinant growth hormone; SC, subcutaneous.
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literature search for publications in Chinese in the Wan Fang
database (http://www.wanfangdata.com.cn/index.html).

Data Extraction and Reporting
One researcher (KS) extracted data from the included studies into a
pre-specified data-extraction table (DET) in Microsoft Excel. A
second researcher (CR) quality-checked 100% of the extracted data
against the original publications for accuracy. For consistency, where
available, datawere extracted for12monthsor for the latest timepoint
available.A list of datapoints extracted isprovided inSupplementary
Methods 2. For studies reporting mean adherence, the population-
weightedmean across studieswas calculated. Thepopulationweights
were the sample size divided by the total number of patients with
mean adherence over 12months in the included studies. Theweights
were multiplied by the adherence in each study, then summed to
obtain the weighted mean.

Risk of Bias
As part of the data-extraction process, one researcher (KS) quality-
assessed the RCTs for bias using the Cochrane Risk of Bias tool 2
(RoB2). Observational studies, including cohort studies, surveys,
and cross-sectional studies, were quality assessed using the
Newcastle–Ottawa Scale (NOS) for observational studies. A
second researcher (CR) checked all of the quality assessment
ratings; any differences were resolved through discussion. Risk-of-
bias assessment was not conducted for studies identified in the
targeted search of the Chinese literature.
RESULTS

Study Selection
A total of 1058 references were identified from the database searches;
following removal of duplicates, 946 references underwent title/
Frontiers in Endocrinology | www.frontiersin.org 487
abstract screening, and 893 were excluded (Figure 1). Full-text
screening was then performed on 55 references (53 from literature
databases and two identified from hand search), and a total of 23
publications met the inclusion/exclusion criteria and were subjected
to data extraction and quality assessment.

Study Characteristics
The details of each study are provided in Supplementary
Table S3. Of the 23 studies that met the inclusion criteria, only
one study (11) was in an indication (MS) outside of pediatric
growth disorders. Study sample sizes ranged from 30 (12) to
13,553 (13) patients, with a median sample size of 95 patients.
More than half of the sample population was male in all studies
(median 41.5% female) except for the MS study, which was 70%
female (11). The mean age of patients among the 17 rhGH
studies that reported age ranged from 6 years (for patients
receiving daily rhGH) (14) to 12.3 years (15). A total of 6
(26%) studies were from Italy (11, 16–20), five (22%) were
from multiple countries (13, 14, 21–23), and three (13%) were
from Spain (4, 12, 24). The remaining nine studies were each
from a different country (15, 25–32).

Two of the studies were clinical trials. REAL 3 (14) was a
Phase 2 randomized, active-controlled, open-label study of
short-acting (daily) vs. long-acting (weekly, three different
dosages) rhGH. SYNERGY (27) was a randomized, open-label
study of growth outcomes following 12 months of daily rhGH
treatment compared with 6 months’ delay followed by 6 months
of daily rhGH; adherence for the 12-month treatment arm is
reported in this review. Other than the REAL 3 trial (14), which
reported adherence to short-acting vs. long-acting rhGH, the
remaining 21 rhGH adherence studies were of daily GH.

Critical Appraisal
The 23 included studies were subject to critical appraisal/quality
assessment using the quality assessment tool appropriate for each
FIGURE 1 | PRISMA diagram of the literature-screening process. PRISMA, Preferred Reporting Items for Systematic Reviews and Meta-Analyses.
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study type. The reviewers (KS and CR) initially agreed on all
ratings except for 4 of the observational cohort studies, which they
then discussed until agreement was reached. Both of the RCTs (14,
27) were identified as having a moderate risk of bias using the
RoB2 tool (Supplementary Table S4). Both RCTs collected self-
reported adherence, which could have been subject to bias.
Further, the 2018 study by Chung et al. (27) was an open-label
study, and the 2020 study by Sävendahl et al. (14) was partially
blinded, which could have introduced bias. Study quality for the 18
observational cohort studies was assessed using the NOS
(Supplementary Table S5). Four studies were rated as good
quality, and 14 as fair quality; none of the observational cohort
studies had a comparator intervention or control group. Of the 18
studies, 12 did not control for differences among patients in the
cohort, which may have influenced results. The quality of the three
survey studies (15, 16, 21) was assessed using a modified NOS
(Supplementary Table S6). One study was of fair quality, and two
were of low quality; none of the survey studies reported
participation rates or information on non-respondents.

Adherence (Definition and Reporting)
Broadly, adherence in these studies was assessed by several
different methods (depending on the study): number of
administrations/prescribed doses, as monitored by a medical
device [n = 12/23 (52.2%)], self-reported number of missed
doses for a given time period [n = 7/23 (30.4%)], or quantity
of pharmacy fills or product supplied/quantity prescribed (n = 4/
23 [17.4%]). Details of the definition of adherence used in each
study are provided in Supplementary Table S7. All of the rhGH
studies that monitored adherence using a medical device used
the easypod™ (Merck) electronic drug-delivery device. The
studies also differed in terms of how they reported adherence;
some studies reported mean or median adherence rate, whereas
others reported the percentage of patients within different pre-
specified categories (which varied across studies). Some studies
reported adherence using more than one of these measures.

Mean Adherence
Of the 22 rhGH studies, 11 reported the 12-month mean
adherence rate to daily rhGH (Figure 2). One study compared
Frontiers in Endocrinology | www.frontiersin.org 588
daily rhGH against weekly rhGH (three different doses) and
found that the mean 12-month adherence rate was 91.8% for
daily treatment vs. 97.5%, 98.6%, and 96.3% for the weekly doses
(14); the remaining rhGH publications reported adherence to
daily rhGH. The population-weighted mean adherence rate
among the 11 studies was 79.3%. Mean adherence rates across
the 11 studies ranged from 73.3% (29) to 95.3% (24).

Of the 11 studies, Farfel et al. was different from the others
because it measured adherence to rhGH based on the number of
months with a pharmacy fill (and not days’ supply) (29). Eight of
the 11 studies measured adherence using a medical device (all
easypod™); the mean adherence rate across these eight studies
ranged from 80.8% (in year 0–1, n = 95 patients) (22) to 95.3%
(n = 232 patients) (24). In the single study on MS, the mean 12-
month adherence rate (measured using a medical device;
Supplementary Table S7) to interferon beta-1a among 40
pediatric patients was 67.5% (11).

Median Adherence
A total of 8/22 rhGH studies reported median adherence to daily
rhGH (Figure 3), and of these, most (6/8) studies used a medical
device (easypod) to monitor adherence. Median adherence to
daily rhGH was high, ranging from 91% in a single-center
retrospective observational study from Germany (31) to 99.2%
in an open-label, multicenter RCT (14) (Figure 3).

Categorical Measures of Adherence
Many of the studies referred to adherence categories, using terms
such as “adherent” or “non-adherent” or “poor,” “fair,” “good,”
or “excellent” adherence; details are described in Supplementary
Table S7. Of the studies reporting adherence as a category, the
largest number of studies defined patients as adherent (having
“good adherence”) to daily treatment if they missed <1 dose per
week or were administered >85% of prescribed doses (12, 13, 20,
24, 26, 30, 31). Six studies reported the percentage of patients
with adherence >85% or with <1 missed dose per week
(Figure 4) (4, 12, 13, 16, 30, 31). In a 2015 study of 103
patients that defined adherence as possession of >85% of
prescribed doses (pharmacy fills), Lass and Reinehr reported
that 51% of patients were considered adherent (31). In the largest
FIGURE 2 | Mean 12-month adherence among 11 rhGH studies. rhGH, recombinant human growth hormone.
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study population included in this review, Koledova et al. reported
in 2020 that 77% of 8163 patients with 12 months of data had
injected >85% of the prescribed dose of rhGH, as measured by
the injection device (13).

A clinical trial by Chung et al. (27) defined non-adherence as
receipt of <75% of expected injections based on self-reported
diary entries. Based on this definition, adherence (receipt
of ≥75% of expected injections) in patients who received
treatment for 12 months was 93.27%. Using the same
definition, adherence in the control group (patients untreated
for the first 6 months and then treated with rhGH for 6 months)
was 95.69% (27). Adherence would have been lower if the more
commonly used definition, receipt of >85% of expected
injections, was used to define adherence.

Two studies used ≥80% to define good adherence (15, 32).
The study by Michaelidou et al. (32) was a single-center study
from the United Kingdom that measured adherence based on the
proportion of days covered, defined as the quantity of jet-injector
device-heads delivered, multiplied by the length of time each
head should last (1 week), divided by the number of days rhGH
treatment was prescribed during the treatment period
(Supplementary Table S7) (32). According to this definition,
Frontiers in Endocrinology | www.frontiersin.org 689
57.5% of patients had sufficient device-heads to be
considered adherent.

Easypod Connect Observational Study
(ECOS) and Other Easypod Studies
The medical device easypod was the most commonly used
method of measuring adherence. Of the 22 included rhGH
studies, 11 used easypod to measure adherence to somatropin;
these studies (identified by **) are described and adherence
reported in Supplementary Table S7; most of these studies
were sponsored by Merck. ECOS was a Phase 4, open-label
study spanning 5 years and 24 countries that measured
adherence to rhGH (Saizen, Merck) administered by the
easypod. Mean adherence in the primary ECOS (23), which
included patients with GHD, small for gestational age, and
Turner syndrome from 24 countries, was 84.1%, with a median
adherence of 93.7% (23).

In addition to the primary ECOS (23), five different ECOS
sub-analyses (all prospective observational studies) met the SLR
inclusion criteria. One of these was a 24-country sub-analysis
restricted to children with idiopathic isolated GHD (22), wherein
the mean (standard deviation [SD]) adherence in the first year
FIGURE 4 | Percentage of patients with adherence > 85%. *Adherence > 85% defined as missed < 1 dose per week, or patients were administered or had in
possession > 85% of prescribed doses.
FIGURE 3 | Median 12-month adherence among eight rhGH studies. rhGH, recombinant human growth hormone.
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was 80.8% (31.1%) with a median of 95.1%. In the second year,
the mean (SD) adherence was 81.5% (23.0%), and the median
was 92.9%. The remaining four ECOS were specific to certain
countries (Mexico, Greece, Spain, and Italy), with a mean
adherence ranging from 85.7% (Mexico) (25) to 95.3% (95%
confidence interval: 93.3–97.2) (Spain) (24). Median adherence
was above 92% for all four studies and ranged from 92.3% (Italy)
(18) to 99.1% (Spain) (24).

In addition to the six ECOS, there were five other studies that
used easypod to collect adherence data; three from Italy (17, 19,
20), one from Spain (12), and one large multi-country study of
13,553 patients described above (13). All were retrospective
studies except for one by Loche et al. (19), which was a
prospective observational study. Of the three studies that
reported mean adherence rate, values ranged from 70% ± 13%
(time period not reported) (17) to 96% over 12 months (20).

Chinese Literature Survey
The targeted search of the Chinese literature identified two
publications, only one of which met the SLR inclusion criteria.
A 2020 randomized controlled trial by Li and Liu compared
long-acting polyethylene glycol rhGH with short-acting daily
rhGH. The investigators reported the number of missed doses
out of the total number of prescribed doses for each treatment
arm over 26 weeks (33). Adherence was very high in both
treatment groups (>99%); however, the difference between
adherence in the combined long-acting rhGH (4/1066 missed
doses, or 99.62% adherence) and short-acting rhGH (70/7280
missed doses, or 99.04% adherence) was statistically
significant (33).

Barriers to Adherence
Several barriers to adherence were identified in the included
publications. Older age/adolescence was identified as a barrier in
five studies (4, 12, 20, 31, 32). One study by Maggio et al. that
looked at different age groups found a lower adherence in
patients aged ≤9 years or ≥14 years compared with those aged
10–13 years (20). A longer treatment duration was also
associated with a lower adherence, as described in six studies
Frontiers in Endocrinology | www.frontiersin.org 790
(4, 12, 16, 20, 29, 31). A number of barriers were identified in
single studies, and these included: self-administration (vs.
caregiver-administered) of rhGH (31); lower education level of
the patient’s mother (4); prescribed seven doses of rhGH
compared with six doses administered per week (20); and lack
of family education/awareness and engagement (16). Device
design could potentially also be a barrier as patients who
considered the injection device to be ‘not convenient at all’
were less likely to be adherent when compared with patients
who considered the device ‘very convenient’ (16). None of these
studies reported statistically significant differences in adherence
by gender or growth outcomes.

Recommendations for Improving
Adherence
The studies identified in this review recommended multiple
methods of improving adherence (Table 2). Broadly, most of
the recommendations were aimed at interactions between
patients and the health care team, in addition to the use of
reminder tools to improve adherence. Recommendations were
also proposed for the injection device and the drug product
(Table 2). Recommendations for the injection device focused on
improving device design in order to reduce pain and needle
anxiety and to increase convenience. It was suggested that
adherence might also be improved if the drug product did not
require cold storage and was able to be injected less frequently
than once per day.
DISCUSSION

This SLR was undertaken to provide an overview of pediatric
patient adherence to rhGH and other injectable treatments as
well as to identify some of the factors currently affecting
adherence. Since 2010, there have been two SLRs (1, 8)
reviewing non-adherence, the most recent of which was
published in 2018. We initiated this SLR to capture the most
recent data on adherence in the literature. The studies that met
the inclusion criteria for this SLR included those with small (30
TABLE 2 | Recommendations for improving adherence.

Interaction with the healthcare team

Age-appropriate education and awareness of treatment objectives and the importance of adherence, particularly when administration shifts from caregiver to child (16,
29, 31)
Increased patient engagement, such as in selecting the device (16, 30) and in shared decision-making (11)
Ongoing feedback of treatment efficacy, to encourage compliance (16)
Adherence reminder tools
Electronic injection reminders, mobile phone reminders, and applications (13)
Gamified interventions that include goal setting, incentive-based engagement, and education (13)
Real-time monitoring of adherence using internet-connected devices (13)
Use of an electronic monitoring device to track adherence (12, 13, 23)
Device
Improvements in device design that reduce pain (29)/needle anxiety (32) and increase convenience (16)
Product
A product that does not require cold storage (i.e., storage-flexible rhGH) (21)
Reduction in the number of injections from daily to weekly (14)
rhGH, recombinant human growth hormone.
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patients) and large (up to >13,000 patients) sample sizes, and the
mean age of patients in the studies ranged from 6 years to 12.3
years. Although studies in other chronic conditions such as MS,
JIA, or IBD were eligible for inclusion in this review, of the
studies that met the inclusion criteria, only one study was in an
indication (MS) outside of GHD. While this SLR is focused
primarily on GHD, it is possible that the motivation for taking an
injectable therapy may differ between patients with GHD and
those with a chronic inflammatory condition. A key strength of
this SLR was the fact that the included studies spanned a large
number of different countries in several geographic regions,
including the Americas, Europe, Asia, and the Middle East.
This SLR is also one of the first to evaluate adherence in
patients receiving the next generation of long-acting GH
treatments. Based on the included studies, the overall trend
observed was that pediatric patients had a high adherence to
rhGH therapy. However, this observation should be interpreted
in light of the limitations of this SLR.

One of the main limitations of this SLR was the difficulty in
comparing studies, due to the different methods used for
measuring and defining adherence. Although most studies
reported adherence over 12 months, a few studies reported
adherence over a shorter time period or failed to report the
observation period, further limiting comparability among
studies. More than half of the studies did not report mean or
median adherence, and for the studies with categorical measures,
the category definitions and cut-offs varied based on the study.
Another potential limitation is the possible influence of the
Hawthorne effect on the study findings; that is, patients
knowing they were in a study may have been more likely to
engage in desired behavior (adherence) than if they were not
monitored. The fact that a risk-of-bias assessment was not
performed on the single Chinese publication identified in the
targeted search was also a study limitation.

From the 11 studies reporting 12-month mean adherence,
adherence ranged from 73.3% (29) to 95.3% (24); the population-
weighted mean adherence across the 11 studies was 79.3%. As
stated above, of these 11 studies, the 2019 study by Farfel et al.
was different from the others because adherence was based on
the number of months with a pharmacy fill, rather than days’
supply (29). This method of measurement may have
underestimated patients’ access to rhGH in the event that they
received doses from sources other than through their pharmacy
benefit (e.g., from a physician). This method may have also over-
reported adherence if there was an overlap whereby the months’
supply of rhGH exceeded the prescribed amount. Further,
although patients may have picked up or received their
treatment, it cannot be assumed that all doses were injected.

A total of six rhGH studies reported the percentage of patients
who missed <1 dose per week (>85% of prescribed doses injected
or in possession); adherence according to this definition ranged
from 51% (based on pharmacy fills) (31) to 100% (self-reported)
among patients able to select their choice of injection device. The
high adherence rate in the two clinical trials, which used diaries
to self-report adherence, could have been influenced by a
potential Hawthorne effect and may not be reflective of real-
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world adherence to rhGH. The high adherence associated with
the use of injector devices may have also been influenced by
patients’ awareness that utilization data were being sent to their
health care provider or to researchers. This suggests that the use
of injector devices with data reviewed regularly by a health care
provider may be an effective method to increase/improve
adherence to treatment. Additional studies of adherence
among patients using other device types are needed to clarify
the influence of the Hawthorne effect and the ramifications for
routine clinical practice.

Of interest is the study by Mohseni et al. in 2018, which
compared different methods of reporting adherence (15). Based
on the self-reported, eight-item Morisky Medication Adherence
Scale, 56.7% of children (aged 2–12 years) and 57.9% of
adolescents (13–19 years) had moderate-to-high adherence to
rhGH (15). Using the “auto-compliance method,” based on self-
reported number of injections divided by the number of
injections prescribed (with ≥80% of prescribed injections
reported as received being considered “adherent”), adherence
rates were 95.2% among children and 95.5% among adolescents
(15). The large difference in adherence seen in this study
illustrates how the choice of methods used to measure and
define adherence can affect reported adherence. Similarly, in
the two published SLRs on adherence to rhGH, adherence rates
also varied widely depending on the measures and definitions
used, from 18% to 95% in the 2013 review by Fisher and Acerini
(1), and from 29% to 93% in Graham et al. (8).

The barriers to adherence (Figure 5) identified in this review
were similar to those reported by Fisher et al. in 2013 (1). The
previous SLR identified injection-related factors associated with
non-adherence as being perceived difficulty of injections, lack of
choice of injection device, short duration of prescriptions, and
discomfort (1). Of the 20 modifiable factors identified in Graham
et al. (8), those related to poor adherence to rhGH included
injection-related pain and discomfort, poor administration
technique, forgetting injections, disruption in supply of
injections due to short duration of prescriptions, and being
away from home (8). Based on our extensive experience in
clinical practice, we suggest that dissatisfaction with treatment
outcome, a lack of understanding of the consequences of missed
doses, and poor knowledge and understanding of the disease
condition also constitute substantial barriers to adherence. Non-
modifiable risk factors to adherence such as gender, age, race,
severity, and duration of disease may also affect the impact of
modifiable risk factors and should be carefully considered in
studies evaluating adherence.

The studies included in this review recommended multiple
methods of improving adherence, focused in particular on device
choice, patient and caregiver education and engagement,
reminders, and utilization monitoring. The one study that
compared adherence to daily vs. weekly rhGH also suggested
that weekly dosing could improve adherence compared with
daily dosing. The increasing emergence of long-acting rhGH
treatments has the potential to improve adherence and treatment
outcomes. One potential consideration for long-acting rhGH
products is that the consequences of missing an injection are
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more severe, given that missing one injection is equivalent to
missing seven daily rhGH injections. A number of study
recommendations focused on technological innovations for the
injection device, indicating great interest in the potential of
technology to improve adherence. In addition to those already
mentioned, features such as automatic recording of missed doses
and automatic revision of subsequent doses (to compensate for a
missed dose) may also help patients to remain adherent. The
utilization of growth-prediction models (34) as part of patient
consultation may also encourage adherence. Patients who fail to
observe an adequate response to treatment may be less likely to
adhere to treatment; optimizing treatment response using
growth-prediction models may potentially help empower
patients and reduce patient dissatisfaction with treatment,
thereby encouraging patients to remain adherent. However, the
use of prediction models to improve adherence requires further
study. Clinicians should consider reassessing a patient’s
diagnosis if poor response is observed, particularly if treatment
adherence has been high. There are several other interventions
that focus more on behavior modification such as adherence
therapy, cognitive behavioral therapy, cognitive adaptation
training, family interventions, and psychoeducation/monetary-
based interventions that have not been explored to date in the
field of rhGH therapy. Furthermore, given that the previous
studies have already identified the risk factors that predispose
patients to impaired adherence, future studies should explore a
more individualized approach where interventions could be
targeted at those who are at a high risk of poor adherence.

Study Recommendations Based
on SLR Findings
One of the main findings from this review was the substantial
heterogeneity in the way adherence was defined, measured, and
Frontiers in Endocrinology | www.frontiersin.org 992
reported in recent publications on rhGH. This heterogeneity
makes it difficult to compare studies and to uncover trends and
patterns across the literature. Therefore, we propose the
following recommendations to enable more effective
characterization/comparison of adherence data across future
studies and publications. First, we propose standardizing the
way adherence is defined, measured, and reported. In addition,
adoption of standardized study designs, including adherence
measures, definitions of “adherent” vs. “non-adherent,” and
outcomes, is also recommended. Quantitative data describing
the impact of missed doses on growth would also be valuable for
determining the threshold of adherence to be reported.
Furthermore, at a minimum, studies should report the
presence or absence of any association between adherence and
study duration, patient age, and rhGH indication. Lastly, in
studies where the primary purpose is to study adherence,
adherence should be measured using more than one method
— agreement between different methods in the same study
should be assessed. We believe that these measures should help
address the substantial heterogeneity among the studies
identified in the published literature.
CONCLUSIONS

Reported adherence was >80% in many studies, particularly in
those that used an injector device or diaries for self-reporting;
adherence among patients who are not being actively monitored
or who are not participants in a study may be lower, due to the
Hawthorne effect. Among the 22 rhGH studies included in this
review of the published literature, there was substantial
heterogeneity in how adherence to rhGH was defined,
measured, and reported. Standardization of how adherence is
FIGURE 5 | Barriers to adherence and recommendations for improving adherence (identified in the included studies).
March 2022 | Volume 13 | Article 795224

https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles


Gomez et al. Adherence to Growth Hormone Treatment
defined and reported, as well as in study design and outcomes
measured, would enable more extensive comparisons to be made
among different pediatric populations. Factors that could
improve adherence include patient and caregiver education
and active involvement in the treatment plan, including choice
of device. Once available, long-acting rhGH formulations, which
would allow weekly instead of daily dosing, may also result in
improved adherence to treatment. It will be important to use
proper comparisons of adherence between daily rhGH and long-
acting rhGH preparations to demonstrate this relationship.
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Study Objectives: In previous research, we built a deep neural network model based
on Inception-Resnet-v2 to predict bone age (EFAI-BAA). The primary objective of the
study was to determine if the EFAI-BAA was substantially concordant with the qualified
physicians in assessing bone ages. The secondary objective of the study was to
determine if the EFAI-BAA was no different in the clinical rating (advanced, normal, or
delayed) with the qualified physicians.

Method: This was a retrospective study. The left-hand X-ray images of male subjects
aged 3–16 years old and female subjects aged 2–15 years old were collected from China
Medical University Hospital (CMUH) and Asia University Hospital (AUH) retrospectively
since the trial began until the included image amount reached 368. This was a blinded
study. The qualified physicians who ran, read, and interpreted the tests were blinded to
the values assessed by the other qualified physicians and the EFAI-BAA.

Results: The concordance correlation coefficient (CCC) between the EFAI-BAA (EFAI-
BAA), the evaluation of bone age by physician in Kaohsiung Veterans General
Hospital (KVGH), Taichung Veterans General Hospital (TVGH2), and in Taipei Tzu Chi
Hospital (TZUCHI-TP) was 0.9828 (95% CI: 0.9790–0.9859, p-value = 0.6782), 0.9739
(95% CI: 0.9681–0.9786, p-value = 0.0202), and 0.9592 (95% CI: 0.9501–0.9666,
p-value = 0.4855), respectively.

Conclusion: There was a consistency of bone age assessment between the EFAI-
BAA and each one of the three qualified physicians (CCC = 0.9). As the significant
difference in the clinical rating was only found between the EFAI-BAA and the qualified
physician in TVGH2, the performance of the EFAI-BAA was considered similar to the
qualified physicians.

Keywords: bone age assessment, artificial intelligence, deep learning, concordance correlation coefficient (CCC),
clinical practice
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BACKGROUND

In pediatrics, the interpretation of bone age can accurately
assess the maturity of an individual, and can also be used as a
reference for the diagnosis of endocrine disorders in children
(1). The well-known manual methods for bone age assessment
are Greulich and Pyle (GP method) (2) and Tanner-Whitehouse
(TW method) (3). The assessments are based on visual inspection
or scoring and are characterized by intra- or extra-observer
variability (4, 5). External variability is the difference in judgment
standards or differences in the level of interpretation experience
among physicians; internal variability is the possible difference
in interpretation of the same image by the same physician at
different times (6). In addition, the average interpretation time
of the GP method in the past study was 1.4 min and TW method
was 7.9 min. Both of these methods invisibly increase the time
cost of physician visits (7).

In view of the rapid development of artificial intelligence in
recent years, image recognition systems developed based on deep
learning technology are becoming more and more mature in
clinical applications. In the previous research, we introduced
the Inception-Resnet-v2 neural network that was pre-trained on
ImageNet database, from which to extract features as the basic
model (8). At each bone age assessment, the radiologist compares
the client’s X-ray image to the GP reference image to assess their
bone age and uses this as the ground truth for the model. Using
training data from children and adolescents aged 2–18 in Taiwan,
the network can predict well when given only the left hand bone
X-ray and gender information. The purpose of this AI model is to
reduce interpretation errors and actually reduce the complexity,
time and cost of the bone age assessment process. The purpose
of this research is to use the previously established deep learning
model to examine the consistency and effectiveness of this model
when it is actually put into clinical application scenarios.

MATERIALS AND METHODS

This was a blinded retrospective study. Since all recognizable
information had been removed before data collection, no
informed consent was required for this study. The qualified
physicians who ran, read, and interpreted the tests were blinded
to the values assessed by the other qualified physicians and the
EFAI-BAA. This study was designed to evaluate the concordance
of the EFAI-BAA in assessing bone ages, in comparison to each
one of the three qualified physicians.

After the whole included images had been determined, the
physicians received the data disk with all included images in
and the guidance on how to use the electronic data capture
(EDC) system. A physician had to fill in the bone age he/she
assessed on the EDC after receiving the data disk. After the
bone age corresponding to an image was filled in on the
EDC, it might be changed with a rational explanation, and the
process was recorded in the EDC. Only after all the physicians
finished assessing all the allotted images, can the X-ray images
be imported to the EFAI-BAA to get the bone ages inferred
by the EFAI-BAA.

Study Design and Participants
The study subjects were selected from China Medical University
Hospital (CMUH) and Asia University Hospital (AUH). Subjects
were enrolled by using the following criteria. Inclusion criteria:
(1) Male subjects aged 3 to 16 years old and female subjects
aged 2–15 years old at the time of left-hand X-ray PA view
image taking. (2) The image quality should be good enough
for the physicians to evaluate the bone age. Exclusion criteria:
(1) Subjects with skeletal dysplasia. (2) Subjects with congenital
anomaly over the hand and wrist. (3) Any severe fracture over
the hand and wrist that hindered the determination of the age.
(4) Subjects with known malignancy of the left hand. The left-
hand X-ray PA view images of male subjects aged 3–16 years
old and female subjects aged 2–15 years old at the time when
X-ray was taken were retrospectively provided by Medical record
department. A total of 368 left-hand X-ray PA view images
that met the inclusion/exclusion criteria from these studies were
sequentially selected for the proposed study. The flowchart of the
subject-selection process is presented in Figure 1.

Three independent certified qualified (with physician license)
physicians from three centers in Taiwan, who were not part of
the EFAI-BAA development, validation, or clinical study read
the left-hand X-ray PA view images. Each of the three qualified
physicians was provided with the same set of anonymized left-
hand PA X-ray images. They assessed these left-hand X-ray PA
view images manually and provide the bone age assessments in
the EDC. The same set of left-hand X-ray PA view images were
imported to the EFAI-BAA by an independent trained technician
for bone age assessment. After the assessments were complete, the
results were exported for the statistical analyses.

Imaging Filtering
In this study, the images were collected retrospectively from
CMUH and AUH. A total of 368 DICOM files of left-hand PA
view X-ray radiographs were collected (the number of images
from either site should not be less than 30%). The information of
the subject, which included gender, birth date, and examination
date was acquired. At the time when the left-hand X-ray images
were taken, the male subjects should be aged 3–16 years old and
the female subjects should be aged 2–15 years old.

The X-ray images from Sep 1st, 2017 to Aug 31st, 2020 from
CMUH and AUH were queried. The researcher should be used to
conduct simple random sampling and provide the order of these
random numbers using R (version 3.6.2). The researcher checked
the basic information of the subjects including chronological age
and gender based on the order and should assign the data to the
corresponding age groups.

The expected number in each age group was shown in Table 1.

Screening
All the included images were burned into a data disk by the
research assistant and provided to physicians, to examine the
quality of every image. The criteria were (1) Complete left hand
and wrist (the distal end of radius and ulna included). (2) The
X-ray image of the left-hand PA view. (3) No shadow on the
image (such as wearing a ring or a holding fist). (4) The edge of
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FIGURE 1 | Flowchart of radiographs enrolled in the study.

each bone including carpals and metacarpals should be seen and
the size of the epiphyseal plate and the degree the epiphyseal plate
merged with the bone should be distinguishable.

After the image quality was confirmed, subjects were
eligible for enrollment in the study only if they met all the
inclusion/exclusion criteria. Subsequently, the research assistant
should log in to the EDC system with his/her account and should
establish the eCRF for each subject being included after the
filtering process. The following information should be entered
into the corresponding column: gender, birth date, and the date
X-ray taken.

Re-screening
After the screening process described above, the data amount
might be insufficient since the disqualification was sifted. On
that occasion, the process was repeated from checking each set
of data in the order decided through simple random sampling,

assigning the data to the age groups, to the image quality and
data qualification screening. The process was repeated until the
included amount reached the expected amount.

Bone Age Assessment
On each included X-ray image, a verification code (ckCode) was
marked. Subsequently, the X-ray images along with gender were
burned into the data disk, followed by providing two duplicate
disks to physicians who participated in this trial. The physicians
evaluated the bone age of each image according to the GP
method. The physicians logged in to the EDC system with their
accounts and passwords. The physicians keyed in the ckCode
and corresponding bone age of the image on the eCRF. Only
after confirming all the participating physicians had finished
evaluating, the included images were imported into the EFAI-
BAA by the research assistant to get the bone ages inferred by
the medical device for the test.
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Statistical Analysis
The agreement between the EFAI-BAA and each one of the
three qualified physicians was assessed using the concordance
correlation coefficient (CCC) statistical analysis method (9).
The performance of the EFAI-BAA was validated when the
concordance criterion between the EFAI-BAA and each one
of the three qualified physicians was met. The clinical rating
assessed by the EFAI-BAA and the qualified physicians was
considered, and the Chi-square test was used to determine the
difference in the clinical rating between the EFAI-BAA and each
one of the three qualified physicians. The accuracy of the EFAI-
BAA compared to each one of the three qualified physicians
was calculated as well. The performance of the EFAI-BAA was
evaluated by the Root Mean Square (RMS) and Mean Absolute
Deviation (MAD) of bone age assessment between the EFAI-BAA
and each one of the three qualified physicians. The paired t-test
was used to compare the mean difference in bone age assessment
between the EFAI-BAA and each one of the three qualified
physicians. The Bland-Altman plot was created for displaying
the difference in bone age assessment between the EFAI-BAA
and each one of the three qualified physicians (Supplementary
Figures 1–3). For general consideration, descriptive statistics
for categorical variables included the number of subjects
and percentage; descriptive statistics for continuous variables
included the number of observations, mean, SD, median,
minimum, and maximum values.

TABLE 1 | Summary of baseline characteristics.

Gender Statistics Pre-
pubertya

Early and
mid-pubertyb

Late pubertyc Overall

Male N (%) 94
(25.54%)

66 (17.93%) 30 (8.15%) 190
(51.63%)

Mean 6.23 11.48 15.12 9.46

Median 6.34 11.46 15.08 9.27

SD 1.76 1.19 0.50 3.71

Min 3.02 9.08 14.12 3.02

Max 8.93 13.84 15.99 15.99

Female N (%) 77
(20.92%)

71 (19.29%) 30 (8.15%) 178
(48.37%)

Mean 4.86 10.05 13.85 8.44

Median 5.11 10.31 13.73 8.43

SD 1.56 1.49 0.61 3.68

Min 2.06 7.04 13.01 2.07

Max 6.99 12.91 14.92 14.92

Total N (%) 171
(46.47%)

137 (37.23%) 60 (16.30%) 368
(100.00%)

Mean 5.61 10.74 14.49 8.97

Median 5.71 10.84 14.65 8.79

SD 1.80 1.53 0.85 3.73

Min 2.06 7.04 13.01 2.06

Max 8.93 13.84 15.99 15.99

aPre-puberty (Female: CA 2–7 years old; Male: CA 3–9 years old).
bEarly and Mid-puberty (Female: CA 7–13 years old; Male: CA 9–14 years old).
cLate Puberty (Female: CA 13–15 years old; Male: CA 14–16 years old).
Abbreviation: CA, Chronological Age.

RESULTS

In this study, the images were collected retrospectively from
CMUH and AUH. A total of 368 DICOM files of left-hand PA
view X-ray radiographs were collected (the number of images
from either site should not be less than 30%). The information
of the subject, which included gender, birth date, and date
of examination, was acquired. The results of the physicians’
assessments were compared against the bone age assessments
by the EFAI-BAA.

The primary endpoint for the study was the bone ages assessed
by the EFAI-BAA and the qualified physicians. The analysis
result of the primary endpoint was presented in Table 2. The
CCC between EFAI-BAA and KVGH (#1) was 0.98 (0.98, 0.99);
the CCC between EFAI-BAA and TVGH2 (#2) was 0.97 (0.97,
0.98); the CCC between EFAI-BAA and TZUCHI-TP (#3) was
0.96 (0.95, 0.97).

The secondary endpoint was the clinical rating assessed by
the EFAI-BAA and the qualified physicians. By calculating the
95% interval of the normal bone age distribution by the mean
bone age ± 2SD, the bone age assessed would fall within the
normal range (normal), out of the upper side of the normal
range (advanced), or out of the lower side of the normal range
(delayed). The analysis result of the secondary endpoint was
presented in Table 3. The number and percentage of “Advanced,”
“Normal,” and “Delayed” for EFAI-BAA was 38 (10.33%), 249
(67.66%), and 81 (22.01%), respectively (p = 0.6782); for KVGH
(#1) was 35 (9.51%), 260 (70.65%), and 73 (19.84%), respectively;
for TVGH2 (#2) was 49 (13.32%), 266 (72.28%), and 53
(14.40%), respectively (p = 0.0202); and, for TZUCHI-TP (#3)
was 41 (11.14%), 259 (70.38%), and 68 (18.48%), respectively
(p = 0.4855).

The accuracy of the EFAI-BAA was presented in Table 4.
The accuracy of EFAI-BAA compared to KVGH (#1) in the
pre-puberty, early and mid-puberty, and late puberty group,
and the overall age groups was 76.02, 81.02, 93.33, and 80.71%,
respectively; the accuracy of EFAI-BAA compared to TVGH2
(#2) in the pre-puberty, early and mid-puberty, and late puberty
group, and the overall age groups was 70.76, 86.13, 95.00, and
80.43%, respectively; the accuracy of EFAI-BAA compared to
TZUCHI-TP (#3) in the pre-puberty, early and mid-puberty, and
late puberty group, and the overall age groups were 66.67, 77.37,
96.67, and 75.54%, respectively.

The RMS and MAD and paired t-test of bone age assessment
in each age group were presented in Table 5. The RMS (MAD)
between EFAI-BAA and KVGH (#1) in the pre-puberty, early
and mid-puberty, and late puberty group, and the overall age

TABLE 2 | Differences in the CCC scores (primary endpoint) between three
physicians and EFAI-BAA.

Reference CCC* (95% CI)

KVGH (#1) TVGH2 (#2) TZUCHI-TP (#3)

EFAI-BAA 0.98 (0.98, 0.99) 0.97 (0.97, 0.98) 0.96 (0.95, 0.97)

*Concordance correlation coefficient (CCC).
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TABLE 3 | Differences in the clinical rating (secondary endpoint) between three physicians and EFAI-BAA.

Site Clinical rating Total P-valuea P-valueb

Advanced Normal Delayed

EFAI-BAA 38 (10.33%) 249 (67.66%) 81 (22.01%) 368 (100.00%) 0.157 ref.

KVGH (#1) 35 (09.51%) 260 (70.65%) 73 (19.84%) 368 (100.00%) 0.6782

TVGH2 (#2) 49 (13.32%) 266 (72.28%) 53 (14.40%) 368 (100.00%) 0.0202

TZUCHI-TP (#3) 41 (11.14%) 259 (70.38%) 68 (18.48%) 368 (100.00%) 0.4855

aChi-square test of the difference in the clinical rating among the EFAI-BAA and the three qualified physicians.
bChi-square test of the difference in the clinical rating between the EFAI-BAA and each of the three qualified physicians.

groups was 0.81 (0.62), 0.75 (0.60), 1.02 (0.92), and 0.82 (0.66),
respectively (p = 0.0889); the RMS (MAD) between EFAI-BAA
and TVGH2 (#2) in the pre-puberty, early and mid-puberty, and
late puberty group, and the overall age groups was 1.22 (0.90),
0.73 (0.56), 0.89 (0.76), and 1.01 (0.75), respectively (p < 0.0001);
the RMS (MAD) between EFAI-BAA and TZUCHI-TP (#3) in
the pre-puberty, early and mid-puberty, and late puberty group,
and the overall age groups was 1.19 (0.94), 1.46 (0.88), 0.87 (0.74),
and 1.25 (0.89), respectively (p = 0.2206).

DISCUSSION

This retrospective study evaluated the accuracy and efficiency
of AI system developed for automatic bone age assessment of
children in Taiwan. The results show that compared with EFAI-
BAA in manually assessed bone age based on the Greulich-Pyle

TABLE 4 | Accuracy of the EFAI-BAA compared with different sites physicians.

Age group Accuracy

EFAI-BAA vs. #1 EFAI-BAA vs. #2 EFAI-BAA vs. #3

Pre-puberty 76.02% 70.76% 66.67%
Early and mid-puberty 81.02% 86.13% 77.37%
Late puberty 93.33% 95.00% 96.67%
[-1.2pt] Overall 80.71% 80.43% 75.54%

#1, Kaohsiung Veterans General Hospital (KVGH);
#2, Taichung Veterans General Hospital (TVGH2);
#3, Taipei Tzu Chi Hospital (TZUCHI-TP).

TABLE 5 | Root mean square and mean absolute deviation of bone age
assessment in each puberty group.

Site Root mean square (mean absolute deviation) P-value*

Pre-
puberty

Early and
mid-

puberty

Late
puberty

Overall

EFAI-BAA ref. ref. ref. ref. ref.

KVGH (#1) 0.81 (0.62) 0.75 (0.60) 1.02 (0.92) 0.83 (0.66) 0.0889

TVGH2 (#2) 1.22 (0.90) 0.73 (0.56) 0.89 (0.76) 1.01 (0.75) <0.0001

TZUCHI-TP (#3) 1.19 (0.94) 1.46 (0.88) 0.87 (0.74) 1.25 (0.89) 0.2206

*P-value: paired t-test of bone age assessment for the overall age groups between
the EFAI-BAA and each one of the three qualified physicians.

method by three physicians from different hospitals, regardless
of gender, this AI model can obtain a highly consistent and
accurate bone age assessment by automatically analyzing X-rays
of the left wrist.

The bone age assessment of KVGH (#1) was highly consistent
with EFAI-BAA in the CCC and the distribution of clinical rating
(Tables 2, 3). The bone age assessment of TVGH2 (#2) was
averagely higher than that of EFAI-BAA, thus the mean of bone
age assessment of TVGH2 (#2) was significantly different from
that of EFAI-BAA (Table 5), and the distribution of clinical rating
of TVGH2 (#2) was slightly shifted to the grade of “Advanced”
(Table 3). Although the divergence of bone age assessment of
TZUCHI-TP (#3) was high, TZUCHI-TP (#3) was still similar
to EFAI-BAA in the mean of bone age assessment and the
distribution of clinical rating (Tables 3, 5), respectively.

Because each lower bound of the two-sided 95% CI of the
CCC between the EFAI-BAA and each one of the three qualified
physicians was greater than 0.90, the three null hypotheses were
all rejected, which meant there was a consistency of bone age
assessment between the EFAI-BAA and each one of the three
qualified physicians. As the significant difference in the clinical
rating was only found between the EFAI-BAA and the qualified
physician in TVGH2 (#2), the performance of the EFAI-BAA was
considered similar to the qualified physicians.

In recent years, many studies have begun to try to use
deep learning methods to assess bone age on left-hand x-ray
images (10–16), and a well-trained AI bone age assessment
system is as accurate as clinical experts. There was significant
intra-individual variability of 0.94 vs. 0.74 years for the GP
and TW methods, respectively (7). This variability can be
reduced to 0.31 years through EFAI-BAA (8). Clinical diagnostic
tools developed by deep learning models are often criticized
because they cannot be explained intuitively (black box)
(17–19). However, attribute to its excellent interpretation
efficiency compared with traditional GP and TW methods, it has
been proven to save more interpretation time for physicians (20).

The Greulich-Pyle method is used to assess the maturity of
bone age and has been widely used. However, it should be noted
that this method is established on Caucasian ethnicity and is
highly dependent on the experience of radiologists. It’s prone to
cause bias when GP method was applied to different generations,
races or specific age groups for bone age assessment (21–26).
Similarly, due to this study was a retrospective design, all x-ray
images were from the China Medical University Hospital and
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Asia University Hospital. Therefore, the accuracy of EFAI-BAA
has yet to be evaluated in different races or children who were
less than 2 years old or over 16 years old. Finally, although
there is no statistically significant difference in the assessment
between EFAI-BAA and the three clinicians, it does not substitute
the doctor’s clinical decision-making, and can only provide the
doctor with clinical assistance. EFAI-BAA only predicts the
bone age based on the information provided by the images
and lacks other clinical information and other physiological
factors of the patient.

CONCLUSION

In our study, it was shown that there was no statistically
significant difference between bone age assessment of EFAI-BAA
and three physicians from different sites in Taiwan. In addition,
our results show that the AI-based bone age assessment system
greatly reduces the time of interpreting bone age by physician
compared with the Greulich-Pyle method. It can improve the
efficiency of routine clinical examinations without affecting the
accuracy of the assessment.
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Objectives: The safety of recombinant human growth hormone (rhGH) treatment in

childhood and the role of rhGH therapy in promoting tumorigenesis and progression

have been the subject of debate for decades. We aimed to systematically assess the

relationship between rhGH therapy in children and adolescents and clinical outcomes,

including all-cause mortality, cancer mortality, cancer incidence, and risk of the

second neoplasm.

Methods: Literature retrieval, study selection, and data extraction were completed

independently and in duplicate. Effect-size estimates are expressed as standardized

mortality ratios (SMRs), standardized incidence ratio (SIR), and relative risk (RR) with a

95% CI.

Results: Data from 24 articles, involving 254,776 persons, were meta-analyzed. Overall

analyses revealed the association of rhGH therapy was not statistically significant with

all-cause mortality (SMR = 1.28; 95% CI: 0.58–2.84; P = 0.547; I2 = 99.2%; Tau2 =

2.154) and cancer mortality (SMR = 2.59; 95% CI: 0.55–12.09; P = 0.228; I2 = 96.7%;

Tau2 = 2.361) and also cancer incidence (SIR = 1.54; 95% CI: 0.68–3.47; P = 0.229; I2

= 97.5%; Tau2 = 2.287), yet statistical significance was observed for second neoplasm

(RR= 1.77; 95%CI: 1.33–2.35; P= 0.001; I2 = 26.7%; Tau2 = 0.055). Differences in the

geographic region, gender, treatment duration, mean rhGH dose, overall rhGH exposure

dose, and initial disease accounted for heterogeneity in the subgroup analyses.

Conclusion: Our findings indicate that the rhGH therapy is not related to all-cause

mortality and cancer mortality and cancer incidence, yet it seems to trigger a second

tumor risk. Future prospective studies are needed to confirm our findings and answer

the more challenging question regarding the optimal dose of rhGH therapy in children

and adolescents.

Keywords: mortality, children, cancer, medication safety, rhGH
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INTRODUCTION

Since 1957, human growth hormone has been used to treat
growth hormone deficiency and short stature, and it was
supplanted by recombinant human growth hormone (rhGH) in
1985 (1). Initially, growth hormone was prescribed to patients
with a severe growth hormone deficiency and its application
is currently extended to children with short stature that is
not primarily caused by an endogenous growth hormone
deficiency, as well as to other scenarios, such as small
for gestational age without catch-up growth or idiopathic
short stature, Turner syndrome, short stature homeobox gene
deficiency, Noonan syndrome, Prader–Willi syndrome, and
growth failure associated with chronic renal insufficiency (2, 3).
Generally, growth hormone therapy is considered to be safe,
and serious adverse reactions rarely occur (4–6). However, in
recent decades, the potential link between growth hormone
therapy and tumor development or recurrence has gained
increasing attention in clinical practice (7–11). In 2014, Deodati
et al. (12) have undertaken a meta-analysis and reported
that patients treated with growth hormone during childhood
and adolescence had a significantly increased risk of all-cause
mortality, cancer incidence, and second neoplasm after primary
cancer. Contrastingly, in the to-date largest long-term follow-
up study by Sävendahl et al., rhGH therapy was not associated
with all-causemortality in patients with isolated growth hormone
deficiency or idiopathic short stature (13), and another large
cohort study by Child et al. (2) also reported no significant
association. In this context, the association between growth
hormone therapy and all-cause mortality is still subject to an
ongoing debate. With the accumulating publications afterward,
there is a need to reexamine this association in a more
comprehensive manner.

In an attempt to address this need and derive more reliable
estimates, we performed an updatedmeta-analysis by pooling the
results of both the prospective and retrospective cohorts in the
medical literature to examine the association of rhGH therapy
in children and adolescents with multiple clinical outcomes,
including all-cause mortality, cancer mortality, cancer incidence,
and risk of the second neoplasm. Another attempt was to identify
the reasons for previous inconsistent reports, in other words,
between-study heterogeneity.

METHODS

The performance of the meta-analysis has adhered to the
guidelines in the Preferred Reporting Items for Systematic
Reviews and Meta-analyses (PRISMA) statement (14). The
PRISMA checklist is given in Supplementary Table 1.

This study is a meta-analysis of published studies; hence,
ethical approval and informed consent are not needed.

Search Strategy
A literature search was conducted by reviewing the PubMed,
MEDLINE, EMBASE, and Web of Science databases as of 6
November 2021. The following medical topic terms were used:
(growth hormone or human growth hormone or somatotropin

or somatropin or somatotrophin or GH or hGH or rhGH or
rhGH or GH deficiency or growth hormone replacement therapy
or GH replacement therapy) [Title] and (mortality or death or
fatal or fatality or cancer or cancers or neoplasia or neoplasias
or neoplasm or tumors or tumor or malignancy or malignancies
or malignant neoplasm or CVD or cardiovascular disease)
[Title/Abstract]. The reference lists of major retrieved articles
were also manually searched to avoid potential missing hits.

The search process was independently conducted by two
investigators (MH and XD) using the same medical topic
terms. All the references retrieved were combined and duplicates
were removed.

Inclusion/Exclusion Criteria
Our analysis was restricted to articles that met the following
criteria: (1) study participants: women with BC; (2) endpoints:
standardized mortality ratios (SMRs) or standardized incidence
ratio (SIR) or relative risk (RR) with 95% CI; (3) study type:
retrospective or prospective cohorts; (4) baseline exposure:
growth hormone therapy; (5) follow-up rate: at least 70%; and
(6) follow-up duration: ≥1 year. Articles were excluded if the
involved study participants were adults or if they are case reports
or case series, editorials, and narrative reviews.

Data Extraction
Two investigators (MH and XD) independently extracted data
from each qualified article, including the first author, year
of publication, the country where the study was conducted,
sample size, study design, age at start rhGH therapy, rhGH
dose, treatment duration, initial diagnosis, treatment duration,
mean rhGH dose, overall exposure, effect estimation, and
other confounding risk factors, if available. The divergence was
resolved through a joint reevaluation of original articles, and if
necessary, by a third author (WN).

Statistical Analyses
Data management was handled using the STATA software
version 14.1 for Windows (Stata Corporation, College Station,
Texas, USA). Effect-size estimates are expressed as SMR, SIR,
or RR with 95% CI, where appropriate, and they are derived
under the Mantel–Haenszel model. The difference between the
two estimates was tested by the Z-test, as proposed by Altman
and Bland (15). Pooled effect-size estimates were derived under a
random-effects model, irrespective of the magnitude of between-
study heterogeneity.

The inconsistency index (I2) statistic, which represents the
percent of diversity that is due to heterogeneity rather than
chance, is used to quantify the magnitude of heterogeneity that
was derived from a random-effects Mantel–Haenszel model. The
I2 >50% indicates the presence of significant heterogeneity and
a higher percent corresponds to a higher degree of heterogeneity.
Besides I2 statistic, another index, τ 2 (Tau2), was used to explore
the sensitivity of the results to different levels of between-study
heterogeneity. To account for possible sources of between-study
heterogeneity from clinical and methodological aspects, a panel
of prespecified subgroup analyses were performed according to
geographic region, published year, study design, age at start rhGH

Frontiers in Pediatrics | www.frontiersin.org 2 April 2022 | Volume 10 | Article 866295103

https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org
https://www.frontiersin.org/journals/pediatrics#articles


He et al. rhGH Treatment in Children

FIGURE 1 | Flowchart of records retrieved, screened, and included in this meta-analysis.

therapy, rhGH dose, treatment duration, initial diagnosis, mean
rhGH dose, exposure, and follow-up interval, respectively.

The likelihood of publication bias was evaluated by both
Begg’s funnel plots and Egger’s regression asymmetry tests at a
significance level of 10%. The trim-and-fill method was also used
to speculate the number of theoretically missing studies.

RESULTS

Eligible Studies
A total of 3,199 articles were initially identified after searching

predefined public datasets according to subject terms, of which

24 met our eligibility criteria, including 2,54,776 children and
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adolescents. The detailed selection process is shown in Figure 1.
Among the eligible articles included, effect size estimates are
expressed as SMR, SIR, and RR with 95% CIs.

Study Characteristics
Supplementary Table 2 shows the baseline characteristics of all
the qualified articles in this meta-analysis. Of the 24 articles
included, the outcome measure was all cause SMR in 7 articles
(2, 13, 16–20), cancer SIR in 12 articles (1, 2, 5, 17, 19, 21–27),
cancer SMR in 4 articles (16, 21, 25, 27), and second neoplasm
in 8 articles (9, 10, 28–33). Only two articles (13, 16) presented
data separately in boys and girls. Overall exposure of rhGH
therapy was classified into four categories: <25, 25–50, 50–100,
and ≥100 mg/kg.

Based on the previous medical history and physical health
status, 3 articles (13, 16, 19) divided children into the low-risk,
moderate-risk, and high-risk groups and 4 articles (5, 21, 22, 25)
assorted children into the not-high-risk group.

Of the 24 qualified articles, two (13, 16) articles evaluated
rhGH therapy duration <5 and ≥5 years. In total, eighteen
articles were retrospective in design (5, 9, 10, 16, 18, 19, 21–24,
26–33) and 6 articles were prospective (1, 2, 13, 17, 20, 25). All the
eligible articles were classified geographically into North America
(5, 9, 10, 28), Asia (19), Europe (1, 13, 16–18, 21, 27, 29, 32, 33),
and multinational (2, 20, 22–26, 30, 31).

Quality Assessment
Supplementary Table 3 shows the quality assessment of all the
qualified articles by using theNewcastle–Ottawa Scale (NOS) tool
for cohort studies. The average total score was 7.46 (range: 7–8),
with an SD of 0.5.

Overall Analyses
After pooling the results of all the qualified articles, there was
no statistical significance between rhGH therapy in childhood
and all-cause mortality (SMR = 1.28; 95% CI: 0.58–2.84; P
= 0.547; I2 = 99.2%; Tau2 = 2.154), cancer mortality (SMR
= 2.59; 95% CI: 0.55–12.09; P = 0.228; I2 = 96.7%; Tau2 =

2.361), and standardized incidence ratio for cancer (SIR = 1.54;
95% CI: 0.68–3.47; P = 0.229; I2 = 97.5%; Tau2 = 2.287). In
contrast, there was a statistically significant association with the
development of second neoplasm (RR= 1.77; 95% CI: 1.33–2.35;
P = 0.001; I2 = 26.7%; Tau2 = 0.055) (Figure 2).

Cumulative and Influential Analyses
In the cumulative analyses, included studies got completely
similar conclusions consistently and trends tended to stabilize.
The influential analyses revealed no significant impact of any
single study on overall effect-size estimates.

Publication Bias
Figure 3 shows Begg’s funnel plot and Egger’s test for assessing
publication bias of rhGH therapy with all-cause mortality,
cancer mortality, the standardized incidence of cancer, and the
occurrence of the second neoplasm.

Begg’s funnel plots seemed symmetrical. As reflected by
Egger’s test, there was a low likelihood of publication bias for
standardized incidence of cancer (P = 0.525) and occurrence

FIGURE 2 | Overall analyses on the association of recombinant human growth

hormone (rhGH) therapy with mortality and cancer risk. (A) rhGH therapy and

all-cause mortality. (B) rhGH therapy and cancer mortality. (C) rhGH therapy

and cancer incidence. (D) rhGH therapy and second neoplasm.

Frontiers in Pediatrics | www.frontiersin.org 4 April 2022 | Volume 10 | Article 866295105

https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org
https://www.frontiersin.org/journals/pediatrics#articles


He et al. rhGH Treatment in Children

FIGURE 3 | The Begg’s and filled funnel plots for the association of rhGH therapy with mortality and cancer risk. All-cause mortality: (A) Begg’s funnel plot, (B) Filled

funnel plot. Cancer mortality: (A) Begg’s funnel plot, (B) Filled funnel plot. Cancer incidence: (A) Begg’s funnel plot, (B) Filled funnel plot. Second neoplasm: (A) Begg’s

funnel plot, (B) Filled funnel plot.
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of second neoplasm (P = 0.167). Further investigations using
the “trim and fill” method showed that 3 theoretically missing
studies were required to make Begg’s funnel plot symmetrical for
the occurrence of the second neoplasm. However, no study was
required in theory for standardized incidence of cancer.

There was statistical evidence of asymmetry by using Eggers’s
tests in all-cause mortality (P = 0.015) and cancer mortality
(P = 0.008). The “trim and fill” method did not produce any
derivations from the original estimates.

Subgroup Analyses
A series of prespecified subgroup analyses were conducted to
account for possible sources of between-study heterogeneity for
rhGH therapy with the all-cause mortality, cancer mortality, the
standardized incidence of cancer, and the occurrence of second
neoplasm (Table 1).

By geographic regions based on the all-cause SMR, the
association between pediatric somatropin treatment and the all-
causemortality was not statistically significant in Europe (SMR=

1.92, 95%CI: 0.71–5.23, P= 0.202; I2 = 99.4%; Tau2 = 1.938) and
Asia (SMR= 1.90, 95%CI: 0.39–9.17, P= 0.424; I2 = 80.6%;Tau2

= 1.044) and also no significance was detected between rhGH
therapy and cancer mortality in children in Europe (SMR= 1.47,
95% CI: 0.73–2.96, P = 0.279; I2 = 59.3%; Tau2 = 0.227) based
on the geographical areas of cancer SMR. Based on cancer SIR by
geographic regions, the association was nonsignificant between
rhGH therapy and standard cancer incidence in both Europe
(SIR = 1.09, 95% CI: 0.08–14.50, P = 0.951; I2 = 98.8%; Tau2

= 8.071) and Asia (SIR = 2.09, 95% CI: 0.37–11.81, P = 0.058;
I2 = 65.8%; Tau2 = 1.046). The association between childhood
rhGH therapy and second neoplasm was statistically significant
in North America (RR = 2.20, 95% CI: 1.61–3.02, P < 0.001; I2

= 0.00%; Tau2 = 0.000). However, the statistical significance was
not demonstrated in Europe (RR= 1.57, 95% CI: 0.93–2.66, P =

0.094; I2 = 12.9%; Tau2 = 0.051).
By gender based on the all-cause SMR, the association between

rhGH therapy and all-cause mortality was not statistically
significant in either boys (SMR = 2.50, 95% CI: 0.81–7.69, P =

0.110; I2 = 99.4%; Tau2 = 1.629) or girls (SMR = 3.01, 95% CI:
0.71–12.78, P = 0.135; I2 = 99.2%; Tau2 = 2.663).

By study design based on the all-cause SMR, the association
between rhGH therapy and all-cause mortality in children was
not statistically significant in prospective cohorts (SMR = 1.16,
95% CI: 0.44–3.10, P = 0.765; I2 = 99.4%; Tau2 = 1.629) and in
retrospective cohorts, the SMR for rhGH therapy and all-cause
mortality was 1.56 (95% CI: 1.02–2.38, P = 0.041; I2 = 60.6%;
Tau2 = 0.102). Based on the study type of cancer SMR, there
was no statistical significance between growth hormone therapy
and tumor mortality in retrospective cohorts (SMR = 1.47, 95%
CI: 0.73–2.96, P = 0.279; I2 = 59.3%; Tau2 = 0.227). Based on
the study design of cancer SIR, in prospective cohorts, there
was no statistical significance between rhGH therapy and the
standard incidence of tumor (SIR =1.22, 95% CI: 0.15–10.31, P
= 0.853; I2 = 99.1%; Tau2 = 5.286), yet significance was attained
in retrospective cohorts (SIR = 1.53, 95% CI: 1.02–2.31, P =

0.040; I2 = 75.8%; Tau2 = 0.286). By the study design based on
the second neoplasm, the association between rhGH therapy and

second neoplasm reached statistical significance (RR= 1.77, 95%
CI: 1.33–2.35, P < 0.001; I2 = 26.7%; Tau2 = 0.055).

By risk based on all-cause SMR, in children with low risk
(SMR = 1.25, 95% CI: 1.17–1.34, P < 0.001; I2 = 14.4%; Tau2

= 0.009), moderate risk (SMR = 4.00, 95% CI: 3.50–4.57, P <

0.001; I2 = 69.0%; Tau2 = 0.061), or high risk (SMR = 16.88,
95% CI: 14.52–19.63, P < 0.001; I2 = 0.1%; Tau2 = 0.101),
the relationship between rhGH therapy and all-cause mortality
was statistically significant. Based on the risk of cancer SMR,
there was statistical significance between rhGH therapy and
cancer mortality in children with not-high risk (SMR = 8.28,
95% CI: 1.62–42.41, P = 0.011; I2 = 99.6%; Tau2 = 2.714).
In addition, rhGH therapy did not significantly affect standard
tumor incidence among children at not-high risk based on the
risk of cancer SIR (SIR = 1.88, 95% CI: 0.99–3.57, P = 0.055; I2

= 96.9%; Tau2 = 0.602).
By duration of rhGH therapy based on the all-cause SMR, the

association between rhGH therapy and all-cause mortality was
not statistically significant when treatment duration was≥5 years
(SMR = 1.96, 95% CI: 0.83–4.65, P = 0.126; I2 = 95.8%; Tau2 =
1.427). However, when the treatment time was <5 years (SMR
=3.20, 95% CI: 1.78–5.76, P < 0.001; I2 = 98.2%; Tau2 = 1.665),
the association was significant.

By overall rhGH exposure dose based on all-cause SMR,
the association between rhGH therapy and all-cause mortality
was not statistically significant when rhGH exposure during
childhood was <25 mg/kg (SMR = 2.03, 95% CI: 0.62–6.59, P
= 0.241; I2 = 98.8%; Tau2 = 2.493), 25–50 mg/kg (SMR = 2.85,
95% CI: 0.89–9.09, P = 0.077; I2 = 98.3%; Tau2 = 1.711), and
50–100 mg/kg (SMR = 2.64, 95% CI: 0.81–8.55, P = 0.106; I2

= 96.9%; Tau2 = 1.341), whereas the association was statistically
significant when total rhGH exposure was ≥100 mg/kg (SMR =

3.32, 95% CI: 1.22–9.08, P = 0.019; I2 = 85.8%; Tau2 = 0.832).
By follow-up period based on all-cause SMR, there was no

statistically significant association between rhGH therapy and
all-cause mortality when the follow-up period ≥10 years (SMR
= 0.98, 95% CI: 0.75–1.29, P = 0.899; I2 = 78.3%; Tau2 =

0.127). The association between rhGH therapy and all-cause
mortality was statistically significant in studies with follow-up
duration <10 years (SMR = 4.62, 95% CI: 1.19–18.01, P =

0.027; I2 = 99.6%; Tau2 = 1.435). The association between rhGH
therapy and cancer mortality was not statistically significant in
studies with follow-up duration ≥10 years (SMR = 2.59, 95%
CI: 0.55–12.09, P = 0.228; I2 = 96.7%; Tau2 = 2.361) based on
cancer SMR. Based on cancer SIR of follow-up, there was no
statistically significant association between rhGH therapy and
standard cancer incidence at follow-up times ≥10 years (SIR
=1.54, 95% CI: 0.68–3.47, P < 0.001; I2 = 97.5%; Tau2 = 2.287).
Nevertheless, there was a statistically significant relationship
between second neoplasm and rhGH therapy (RR = 1.77, 95%
CI: 1.33–2.35, P < 0.001; I2 = 26.7%; Tau2 = 0.055).

DISCUSSION

To the best of our knowledge, this is, thus far the most
comprehensive meta-analysis that has examined the association
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TABLE 1 | Overall and subgroup analyses on the association of recombinant human growth hormone therapy with mortality and cancer risk.

Group Number of

qualified studies

Mortality or cancer risk Tau2

RR (95% CI); P I2

Overall analyses

All cause SMR 14 1.28 (0.58–2.84); 0.547 99.2% 2.154

Cancer SMR 4 2.59 (0.55–12.09); 0.228 96.7% 2.361

Cancer SIR 15 1.54 (0.68–3.47); 0.229 97.5% 2.287

RR SN 11 1.77 (1.33–2.35); 0.001 26.7% 0.055

Subgroup analyses based on mortality or cancer risk

By region based on All cause SMR

Europe 8 1.92 (0.71–5.23); 0.202 99.4% 1.938

Asia 2 1.90 (0.39–9.17); 0.424 80.6% 1.044

International 4 0.66 (0.47–0.92); 0.016 65.1% 0.070

By region based on Cancer SMR

Europe 3 1.47 (0.73–2.96); 0.279 59.3% 0.227

By region based on Cancer SIR

Europe 5 1.09 (0.08–14.50); 0.951 98.8% 8.071

Asia 7 2.09 (0.37–11.81); 0.058 65.8% 1.046

International 2 1.59 (0.98–2.57); 0.404 85.3% 0.314

By region based on RR SN

North America 6 2.20 (1.61–3.02); <0.001 0.0% 0.000

Europe 3 1.57 (0.93–2.66); 0.094 12.9% 0.051

International 2 1.03 (0.61–1.75); 0.904 0.0% 0.000

By gender based on All cause SMR

Boys 5 2.50 (0.81–7.69); 0.110 99.4% 1.629

Girls 5 3.01 (0.71–12.78); 0.135 99.2% 2.663

By study design based on All cause SMR

Prospective 10 1.16 (0.44–3.10); 0.765 99.4% 2.334

Retrospective 4 1.56 (1.02–2.38); 0.041 60.6% 0.102

By study design based on Cancer SMR

Retrospective 3 1.47 (0.73–2.96); 0.279 59.3% 0.227

By study design based on Cancer SIR

Prospective 5 1.22 (0.15–10.31); 0.853 99.1% 5.286

Retrospective 10 1.53 (1.02–2.31); 0.040 75.8% 0.286

By study design based on RR SN

Retrospective 11 1.77 (1.33–2.35); <0.001 26.7% 0.055

By risk based on All cause SMR

Low 54 1.25 (1.17–1.34); <0.001 14.4% 0.009

Moderate 22 4.00 (3.50–4.57); <0.001 69.0% 0.061

High 21 16.88 (14.52–19.63); <0.001 90.1% 0.101

By risk based on Cancer SMR

Not high 4 8.28 (1.62–42.41); 0.011 99.6% 2.714

By risk based on Cancer SIR

Not high 6 1.88 (0.99–3.57); 0.055 96.9% 0.602

By GH treatment duration (years) based on All–cause SMR

<5 19 3.20 (1.78–5.76); <0.001 98.2% 1.665

≥5 8 1.96 (0.83–4.65); 0.126 95.8% 1.427

By overall GH exposure dose (mg/kg) based on All cause–SMR

<25 7 2.03 (0.62–6.59); 0.241 98.8% 2.493

25–50 5 2.85 (0.89–9.09); 0.077 98.3% 1.711

50–100 4 2.64 (0.81–8.55); 0.106 96.9% 1.341

≥100 4 3.32 (1.22–9.08); 0.019 85.8% 0.832

(Continued)
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TABLE 1 | Continued

Group Number of

qualified studies

Mortality or cancer risk Tau2

RR (95% CI); P I2

By follow up (years) based on All cause-SMR

≥10 11 0.98 (0.75–1.29); 0.899 78.3% 0.127

<10 3 4.62 (1.19–18.01); 0.027 99.6% 1.435

By follow up (years) based on Cancer SMR

≥10 4 2.59 (0.55–12.09); 0.228 96.7% 2.361

By follow up (years) based on Cancer SIR

≥10 15 1.54 (0.68–3.47); 0.299 97.5% 2.287

By follow up (years) based on RR SN

≥10 11 1.77 (1.33–2.35); <0.001 26.7% 0.055

RR, risk ratio; 95% CI, 95% confidence interval, SMR, standardized mortality ratios; SIR, standardized incidence ratio; SN, second neoplasm; GH, growth hormone therapy.

between rhGH therapy during childhood and multiple clinical
outcomes including the all-cause mortality, cancer mortality,
standard cancer incidence, and second neoplasm. Our key
findings suggested that rhGH therapy in childhood had no
deleterious effects on all-cause mortality, cancer mortality, and
standard cancer incidence. In contrast, rhGH therapy was a risk
factor for the development of the second neoplasm. Furthermore,
our analyses suggested that differences in the geographic region,
gender, treatment duration, mean rhGH dose, overall rhGH
exposure dose, and initial disease accounted for heterogeneity.
Our findings highlight the relative safety of growth hormone use
in childhood and provide high-quality evidence for pediatrics,
particularly for these conditions requiring rhGH therapy.

Extending the findings of previous individual studies that
assessed only one or two clinical outcomes after rhGH therapy,
we, in this meta-analysis, comprehensively evaluated all the
possible outcomes in both the overall analyses and subgroup
analyses. It is worth noting that all-cause mortality and cancer
incidence were significantly higher than expected in the low- and
intermediate-risk groups. Although only 2 articles were involved
in the analysis of total exposure to rhGH in children, the all-cause
mortality rate was significantly higher than expected when the
total exposure dose was over 100mg/kg based on the results of the
analysis of the overall exposure dose. However, this dose needs to
be determined by future studies. Moreover, we also interestingly
noticed that all-cause mortality was significantly lower than
expected for both boys and girls. Although the exact mechanisms
behind these positive findings are not fully understood, we agree
that further well-designed, long-term studies are warranted to
further enrich our understanding of the clinical implication of
rhGH therapy in childhood in future mortality risk in adulthood.

The current meta-analysis is based on the previous meta-
analysis conducted by Deodati et al. (12) by pooling the results
of 12 studies, who found no significant increase in the malignant
tumor SMRs, yet overall cancer SIRs (2.74; 95% CI: 1.18–4.41)
and RRs of second tumors (1.99; 95% CI: 1.28–3.08) were
significantly increased. In the present meta-analysis, by contrast,
we found that all-cause mortality and malignancy incidence were
significantly lower than expected, that is, rhGH therapy was not

a risk factor for all-cause mortality and malignancy incidence.
The reasons for the conflicting observations between the meta-
analysis by Deodati et al. (12) and this meta-analysis are mainly
because of the power to detect statistical significance, as we
incorporated the results from 24 articles.

Our finding that no significant association was found between
the dose of rhGH and mortality and cancer incidence makes
causality less likely. However, some studies have reported an
increased incidence of bone cancer and bladder cancer in patients
treated with rhGH and in patients with Hodgkin lymphoma
(2, 25). Nonetheless in this meta-analysis, we did not conduct
relevant subgroup analysis due to a lack of data on the initial
disease of patients with detailed types of cancers. In addition, we
believe that rhGH therapy should be carried out with caution in
high-risk patients and that the start of rhGH therapy should be
carefully discussed (34).

Available evidence suggests an increased risk of secondary
tumors in rhGH recipients. Growth hormone is potent mitosis
and anti-apoptotic hormone, and increased activity of the
growth hormone/IGF-I axis is associated with an increased risk
of cancer (35). Therefore, with the use of growth hormone
therapy, the researchers’ vigilance against the potential cancer
risk accompanied this treatment from the beginning. Animal
experiments showed that in spontaneous pygmy rats lacking
rhGH, the administration of the carcinogen N-methyl-N-
nitrosourea did not induce breast tumors. However, the tumors
were developed in GH-treated rats (36). Moreover, after stopping
hormone replacement, almost all the tumors have completely
degenerated in animal models of rhGH receptor knockout
mice hybridizing with Tag mice prone to prostate tumors,
and similar findings were described by other investigators (35,
37). High IGF-1 or high growth hormone levels may induce
messenger RNA alterations or other molecular changes and
angiogenesis and inhibit apoptosis. This may further stimulate
the carcinogenic potential that already exists (33, 38, 39).
Molecular signaling pathways that affect cell proliferation,
differentiation, and survival are regulated by the GH-IGF-
1 axis. The carcinogenic process interacts with GH-IGF-
1 signaling pathways, employs these physiological signaling
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pathways, and converts them into abnormal signaling pathways
(33, 38).

Generally, the findings of this meta-analysis are reassuring,
but some biases, confounding factors, and weaknesses limit the
value and interpretation of all data reported to date. Detailed
information on dosage, duration of treatment, and primary
disease in children need more literature support and although
the relevant subgroup analysis was conducted in this study,
the number of relevant articles was relatively small. Future
prospective studies are also needed to confirm these results and
answer more difficult questions about the appropriate period to
start GH therapy after achieving complete remission, and how to
deal with children with “chronic” low-grade tumor diseases and
growth hormone deficiency (GHD). In addition, more research is
required on the optimal dosage of rhGH therapy (34).

CONCLUSION

Our findings indicate that rhGH therapy is not related to all-
cause mortality, cancer mortality, and cancer incidence, yet it
seems to trigger a second tumor risk. The long-term safety
of growth hormone therapy still deserves more attention as

mortality from certain causes is increasing, and the need for
long-term monitoring remains essential.
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Background: To evaluate the safety and efficacy of daily somatropin (Jintropin®), a
recombinant human growth hormone, in prepubertal children with ISS in China.

Methods: This study was a multicenter, randomized, controlled, open-label, phase 3
study. All subjects were randomized 3:1 to daily somatropin 0.05 mg/kg/day or no
treatment for 52 weeks. A total of 481 subjects with a mean baseline age of 5.8 years were
enrolled in the study. The primary endpoint was change in (△) height standard deviation
score (HT-SDS) for chronological age (CA). Secondary endpoints included △height from
baseline; △bone age (BA)/CA; △height velocity (HV) and △insulin-like growth factor 1
(IGF-1 SDS).

Results:△HT-SDS at week 52 was 1.04 ± 0.31 in the treatment group and 0.20 ± 0.33
in the control group (P < 0.001). At week 52, statistical significance was observed in the
treatment group compared with control for△height (10.19 ± 1.47 cm vs. 5.85 ± 1.80 cm;
P < 0.001), △BA/CA (0.04 ± 0.09 vs. 0.004 ± 0.01; P < 0.001), △HV (5.17 ± 3.70 cm/
year vs. 0.75 ± 4.34 cm/year; P < 0.001), and△IGF-1 SDS (2.31 ± 1.20 vs. 0.22 ± 0.98;
P < 0.001). The frequencies of treatment-emergent adverse events (TEAEs) were similar
for the treatment and the control groups (89.8% vs. 82.4%); most TEAEs were mild to
moderate in severity and 23 AEs were considered study-drug related.

Conclusions: Daily subcutaneous administration of somatropin at 0.05 mg/kg/day for 52
weeks demonstrated improvement in growth outcomes and was well tolerated with a
favorable safety profile.
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1 INTRODUCTION

Idiopathic short stature (ISS) refers to a condition characterized
by a height more than 2 standard deviation score (SDS) below
the corresponding mean height for a given age, gender, and
population that has no evidence of underlying pathology (1). ISS
accounts for 80% of children with short stature of a height below
–2 SDS (1). In 2 retrospective, single-center studies, ISS was
found in approximately 40% of the study population (2, 3).

The use of growth hormone (GH) was approved by the U.S.
Food and Drug Administration (FDA) in 2003 for children with
ISS with a height of more than 2.25 SDS below the mean height
and who are unlikely to attain normal adult height (4). A
consensus statement published by the Growth Hormone
Research Society, the Lawson Wilkins Pediatric Endocrine
Society, and the European Society for Paediatric Endocrinology
recommended that children with ISS at a height of less than –2
SDS and were also more than 2 SDS below midparental height
could be treated with GH (5).

The cause of ISS remains unknown and children with ISS
have normal birth weight and GH levels. It is postulated that it is
due to genetic aberrations along the GH-insulin-like growth
factor 1 (IGF-1) pathway and in the short stature homeobox-
containing (SHOX) gene (4). The purpose of treatment is to
enable individuals with ISS to attain normal, or close to normal,
adult height and avoid any psychological issues that come with
extreme or unacceptable short stature. However, individual
responses to GH are highly variable; treatment is considered
successful if, in the first year, a change in (△) height SDS (HT-
SDS) of more than 0.3–0.5 and an increment in height velocity
(HV) of more than 3 cm/year is achieved (5).

Longer-term treatment with GH has been reported to
increase mean adult height by 3.5–7.5 cm in children with ISS
and had a safety profile similar to outcomes in other GH
disorders; most adverse events (AEs) were mild in severity
with a low risk of high-grade toxicities (5). In China, there
were several studies demonstrating the clinical benefit of
recombinant human GH (rhGH) therapy in children with ISS
compared with baseline (6, 7). However, most of these studies
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were retrospective and observational by design. There is a lack of
clear data on the effectiveness and safety of rhGH therapy in
children with ISS in China.

Somatropin (Jintropin®, GeneScience Pharmaceuticals,
Changchun, China) is a daily rhGH therapy that was approved
by the China FDA in 2005 for the treatment of GH deficiency,
severe burns, Noonan syndrome, short stature caused by SHOX
deficiency, achondroplasia, gonad hypoplasia (Turner syndrome),
children small for gestational age (failure to catch-up growth at age
2 years), hypothalamic-pituitary disorder caused by GH
deficiency, and short bowel syndrome in patients receiving
specialized nutritional support. Somatropin has demonstrated
safety and efficacy in all the approved indications.

We conducted a phase 3 study to evaluate the safety and
efficacy of daily somatropin in prepubertal children with ISS
in China.
2 METHODS

2.1 Subjects
Inclusion criteria were: 1) aged between 4–9 years in girls and 4–
10 years in boys; 2) HT-SDS ≤–2.25 SD of the average height of
normal children of the same age and gender based on the
Chinese general population at the time of screening (8); 3)
peaked stimulated GH ≥10 ng/mL; 4) bone age (BA) ≤ actual
age + 6 months; 5) prepubertal (Tanner stage 1); and 6) no
previous history of GH treatment.

Exclusion criteria were: 1) liver or kidney dysfunction; 2)
positive for hepatitis B virus; 3) known allergy to the
investigational product; 4) systemic chronic disease or immune
deficient; 5) diagnosed with, or at high risk of, malignancy; 6)
mental illness; 7) diagnosed with other growth and development
disorders (GH deficiency, Turner syndrome, Noonan syndrome,
Laron syndrome, small for gestational age, or growth disorders
caused by malnutrition or hypothyroidism, or short stature of
other known causes); 8) impaired glucose regulation or diabetes;
9) body mass index ≥22 kg/m2; 10) congenital skeletal
abnormalities, scoliosis, or claudication; 11) participated in
other clinical trials within 3 months; 12) received medication
or other hormones that may interfere with GH secretion or
function; and 13) deemed inappropriate by the study
investigators. Magnetic resonance imaging (MRI) scans of the
pituitary gland were conducted to exclude pituitary tumors.

2.2 Study Design
This phase 3 study consisted of 2 phases. The first phase was a
52-week, multicenter, randomized, controlled, open-label study
and the second phase conducted after the first year for another 52
weeks was an extended, open-label, observational study. The
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study was conducted at 11 clinical sites in China. Here, we report
the first phase study results from baseline up to week 52.

In the first phase, all subjects were randomized 3:1 to daily
subcutaneous injections of rhGH 0.05 mg/kg/day (Jintropin®,
GeneScience Pharmaceuticals, Changchun, China) or no
treatment for 52 weeks or until unacceptable toxicity or
investigator decision. There was no positive control group in
this study because GH was not approved for ISS in China at the
start of this study. Block randomization method was performed
using SAS version 9.4 (SAS Institute, Cary, NC, USA). All
subjects eligible for the study were given a random number in
the order of enrollment, and a central randomization system was
used to determine whether the subject was allocated to the
treatment or control group. The random unique identifier
generated for each subject was used throughout the study.

According to the U.S. FDA, the maximum dose of GH
approved for the treatment of ISS in children is 0.47 mg/kg/
week (equivalent to 0.067 mg/kg/day or 0.2 IU/kg/day). The
Chinese Society of Pediatric Endocrinology and Metabolism
(CSPEM) recommends children with ISS should receive rhGH
at a dose of 0.043–0.07 mg/kg/day, equivalent to 0.125–0.2 IU/
kg/day (9). In this study, children in the treatment group were
given somatropin 0.05 mg/kg/day subcutaneously, which was
equivalent to 0.15 IU/kg/day, lower than the U.S. approved dose
and within the CSPEM recommended dose.

The study was carried out according to the Declaration of
Helsinki and complied with the standards of Good Clinical
Practice. Written informed consent from subjects, parents, or
guardians was obtained prior to enrollment. The protocol was
reviewed and approved by the Ethics Committee of each
investigation site.

2.3 Outcomes and Assessment
All subjects underwent a total of 6 visits to the clinic throughout
the first phase of the study at baseline and weeks 4, 13, 26, 39, and
52. The primary objective of this study was to compare the
treatment improvement in HT-SDS with control at week 52. The
secondary objective was to determine the improvement in
annual HV at week 52 with treatment.

The primary outcome measure was △HT-SDS for
chronological age (CA) from baseline at week 52. Other
secondary outcome measures included △HT-SDS for CA at
weeks 4, 13, 26, and 39; △height from baseline; △BA/CA;
△HV; and △IGF-1 SDS. Safety was monitored throughout the
study and assessed based on reported AEs, physical
examinations, vital signs, laboratory test results (e.g., blood,
urine, antidrug antibodies, thyroid function, fasting blood
glucose), whole-spine X-rays, and electrocardiograms (ECGs).

GH stimulation tests and pituitary MRIs were performed
within 1 year before randomization at the investigation site
where the subjects were screened. All other tests were
performed within 8 weeks before randomization at the
participating site. Predicted adult height (PAH) was also
assessed using the China05 method (The Standards of Skeletal
Maturity of Hand and Wrist for Chinese–China 05 and its
application) (10). BA radiography was performed using the
TW3-AI method (11) and the results were collated and
Frontiers in Endocrinology | www.frontiersin.org 3114
analyzed by a qualified researcher appointed by the principal
investigator at the Children’s Hospital of Zhejiang University
School of Medicine. IGF-1 and IGF-binding protein 3 (IGFBP-3)
serum were analyzed at a central laboratory. Subjects in the
treatment group were screened for antidrug and neutralizing
antibodies at baseline and weeks 26 and 52.

2.4 Statistical Analysis
All statistical analyses in the first phase of the study were
performed using SAS version 9.4.

This study was designed to demonstrate the superiority of
somatropin versus no treatment in terms of improving HT-SDS.
Based on previous research and the investigators’ decision, the
predetermined difference in mean change of HT-SDS in the
experimental and control groups after 52 weeks was set at d = 0.5.
Assuming a combined variance of 1.44, type I error a = 0.025,
type II error b = 0.15, and a power of 0.85, the required sample
sizes for the treatment and control groups were not to be less
than 210 and 70 subjects, respectively. To ensure that the results
were statistically robust, conformed to the minimum number of
patients for a phase 3 study required by China’s National Medical
Products Administration, and accounted for a 20% dropout rate,
a total of 480 subjects (somatropin: 360; untreated control: 120)
were recruited.

The full analysis set (FAS) of the first study phase was defined
as all subjects who received at least 1 dose of study drug, had
baseline assessments, and had at least 1 postbaseline assessment
evaluated after randomization, according to the intention-to-
treat (ITT) principle. All missing data were imputed using the
last-observation-carried-forward method. The per-protocol set
(PPS) was a subset of the FAS that included all subjects without
any major protocol deviations. The FAS was the main data set for
the evaluation of efficacy. Both ITT and PPS were analyzed to
prevent selection bias. Safety data analyses were performed on a
safety set (SS) that included all subjects who had received the
study drug at least once in the treatment group and all subjects in
the control group after randomization.

Data were presented as mean ± SD for quantitative and
efficacy variables, and frequency and percentage for qualitative
variables. Descriptive statistics were used to summarize baseline
characteristics. P < 0.05 was considered statistically significant.
Within-group comparisons were assessed using the paired t test
and Wilcoxon rank-sum test. Intergroup comparisons were
performed using analysis of covariance (ANCOVA). The
change from baseline efficacy endpoints at week 52 was tested
for superiority of somatropin to no treatment using least squares
mean (LSM) difference. There is evidence of superiority if the
95% confidence interval (CI) for the treatment effect lies entirely
above zero. AEs were summarized descriptively by severity and
relationship to somatropin.

A sensitivity analysis was performed in the first phase with
baseline HT-SDS and study group as the fixed effects, and the
center was used as the random effect. Comparison between
groups was performed using the mixed-effects model. The
factors associated with DHT-SDS, DHV, and DPAH in
response to GH treatment were determined in separate
multivariate linear regression analyses.
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3 RESULTS

3.1 Subject Baseline Characteristics
and Demographics
A total of 592 subjects were screened, of whom 481 were
randomized 3:1 to somatropin (n = 362) and untreated control
(n = 119) (Figure 1). Three hundred and fifty-one (97.0%) and
108 (90.8%) subjects in the treatment and control groups,
respectively, competed the study. Twenty-two subjects (11
from each group) dropped out early, the most common reason
being “withdrawal of consent” (n = 12). The numbers of subjects
included in the FAS, PPS, and SS were 472 (98.1%), 459 (95.4%),
and 481 (100%), respectively.

The demographic information and baseline characteristics of
the study subjects are presented in Table 1. The mean CA of the
subjects was 5.8 ± 1.55 years (range: 4.0–9.0 years). The mean
height was 106.0 ± 8.14 cm, the mean weight was 17.0 ± 2.93 kg,
and the mean body mass index was 15.1 ± 1.26. Baseline HT-SDS
was similar in both the treatment and control groups
(somatropin: –2.64 ± 0.41; untreated control: –2.67 ± 0.44).
Pretreatment HV did not differ between the groups. The
percentage of subjects who were compliant with treatment was
98.03% ± 2.45%.

3.2 Primary and Secondary Endpoints
3.2.1 HT-SDS and △HT-SDS
At week 52, the HT-SDSs in the treatment and control groups
were –1.60 ± 0.53 and –2.48 ± 0.54, respectively (Figure 2A). The
mean △HT-SDS at week 52 relative to baseline was 1.04 ± 0.31
in the treatment group and 0.20 ± 0.33 in the control group,
showing a statistically significant difference between the 2 groups
(P < 0.001, Table 2).△HT-SDS at all evaluable time points from
baseline was statistically significant for both study groups (P <
0.001). The LSM difference in△HT-SDS at week 52 between the
treatment and control groups was 0.85 (95% CI 0.78–0.91),
indicating superiority of treatment over control. Subjects in the
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treatment group converged toward the normal range (HT-SDS ≥
–2) at the end of 52 weeks. Greater DHT-SDS at week 52 was
observed in children aged ≤7 years than those who were aged >7
years (1.08 ± 0.31 vs. 0.85 ± 0.24).

Efficacy in the PPS also showed similar results. HT-SDS was –
1.58 ± 0.51 and –2.64 ± 0.41 in the treatment and control groups,
respectively. Mean △HT-SDS was 1.06 ± 0.30 with treatment
and 0.18 ± 0.27 in the control group, with the difference between
both groups statistically significant (P < 0.001). The LSM
difference in △HT-SDS between treatment and control was
0.88 (95% CI 0.82–0.94).
3.2.2 Height
Increase in mean height was observed in both study groups
across all evaluable time points (Figure 2B), with those in the
treatment group experiencing larger gain in height compared
with untreated subjects. △height was statistically significantly
higher in the treatment group compared with control at all time
points (P < 0.001). At week 52, mean △height from baseline in
the treatment group was 10.19 ± 1.47 cm and 5.85 ± 1.80 cm in
the control group (Table 2). The LSM difference in the△height
between the treatment and control groups was 4.27 (95% CI
3.95–4.59).

3.2.3 BA/CA
At week 52, the BA/CA ratios were 0.85 ± 0.13 and 0.82 ± 0.14 in
the treatment and control groups, respectively (Figure 2C). The
mean △BA/CA ratio significantly increased from baseline at
week 52 with treatment (0.04 ± 0.09; P < 0.001, Table 2). There
was a significant difference between groups in△BA/CA at week
52 (P < 0.001); the LSM difference between the treatment and
control groups at weeks 26 and 52 was 0.014 (95% CI –0.0003 to
0.0287) and 0.035 (95% CI 0.017–0.052), respectively. At week
52, 95% CI was more than 0, indicating that treatment had an
effect on bone maturation.
FIGURE 1 | Patient flow throughout the trial.
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3.2.4 HV
Mean HV increased sharply in the first month of treatment from
4.97 ± 3.38 cm/year at baseline to 12.40 ± 7.05 cm/year at week 4,
before plateauing (Figure 2D). Interestingly, a similar trend was
Frontiers in Endocrinology | www.frontiersin.org 5116
also observed in the control group (Figure 2D). The annualized
HVs at week 52 in the treatment and control groups were 10.18 ±
1.47 cm/year and 5.81 ± 1.68 cm/year, respectively (Figure 2D).
△HVs at 52 weeks were 5.17 ± 3.70 cm/year and 0.75 ± 4.34 cm/
TABLE 1 | Patient demographics and baseline characteristics of the FAS.

Untreated control (n = 119) Somatropin 0.05 mg/kg/day (n = 362) Total (N = 481)

Chronological age, year 6.0 ± 1.67 5.8 ± 1.51 5.8 ± 1.55
Gender
Male, n (%) 63 (56.3) 224 (62.2) 287 (60.8)
Female, n (%) 49 (43.8) 136 (37.8) 185 (39.2)

Height, cm 106.81 ± 8.81 105.75 ± 7.91 106.00 ± 8.14
Weight, kg 17.30 ± 3.02 16.90 ± 2.90 17.00 ± 2.93
BMI, kg/m2 15.10 ± 1.27 15.10 ± 1.27 15.10 ± 1.26
Ethnicity
Han (%) 108 (96.4) 350 (97.2) 458 (97.0)
Others (%) 4 (3.6) 10 (2.8) 14 (3.0)

HT-SDS –2.67 ± 0.44 –2.64 ± 0.41 –2.65 ± 0.42
BA/CA 0.81 ± 0.15 0.81 ± 0.15 0.81 ± 0.15
HV, cm/year 5.46 ± 5.10 5.00 ± 3.38 5.06 ± 3.85
IGF-1 SDS –0.72 ± 0.95 –0.49 ± 0.99 –
April 2022 | Volume 13
BA, bone age; BMI, body mass index; CA, chronological age; FAS, full analysis set; HT-SDS, height standard deviation score; HV, height velocity; IGF-1 SDS, insulin-like growth factor-1
standard deviation score.
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FIGURE 2 | (A) HT-SDS, (B) height, (C) BA/CA, (D) HV, (E) DIGF-1 SDS, (F) PAH, (G) PAH stratified by age and, (H) HT-SDS for FSS and NFSS of the FAS at
each evaluable time point. D, change in; BA, bone age; CA, chronological age; FAS, full analysis set; FSS, familial short stature; HT-SDS, height standard deviation
score; HV, height velocity; IGFBP-3, insulin-like growth factor binding protein 3; IGF-1 SDS, insulin-like growth factor-1 standard deviation score; NFSS, nonfamilial
short stature; PAH, predicted adult height; SD, standard deviation.
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year in the treatment and control groups, respectively (Table 2).
Compared with baseline, all study groups were associated with a
significant increase in HV at all time points. The LSM of △HV
at week 52 between the treatment and control groups was 4.42
cm/year (95% CI 4.10–4.75), demonstrating superiority in terms
of increment in HV with treatment.

There was not much difference in HV between children aged
≤7 years and those aged >7 years (5.17 ± 3.89 cm/year vs. 5.16 ±
2.63 cm/year). However, the LSM difference between >7-year-
olds and ≤7-year-olds in terms of DHV by ANCOVA was –1.12
cm/year (95% CI –1.48 to –0.75).
3.2.5 IGF-1 SDS
IGF-1 SDS increased sharply from –0.49 ± 0.99 at baseline to
1.14 ± 1.22 at week 4 with treatment and progressed steadily
before plateauing at week 39 (Figure 2E). At week 52, statistically
significant △IGF-1 SDS from baseline was observed in the
treatment (2.31 ± 1.20; P < 0.001) and control groups (0.22 ±
0.98; P = 0.021) (Table 2). Treatment differed significantly
compared with control at all time points (P < 0.001); the LSM
difference between treatment and control was 2.16 (95% CI 1.92–
2.41) at week 52. The 95% CI of LSM difference was more than 0
from week 4 through week 52, indicating superiority in the
treatment group throughout the study.
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3.3 Additional Assessment
3.3.1 PAH
PAH was analyzed since the study did not follow up with the
subjects until adult height was achieved. The mean PAH at the
start of treatment in the treatment group was 153.84 ± 6.95 cm
and reached a mean of 160.14 ± 7.55 cm at the end of treatment
(P < 0.001; Figure 2F). In contrast, the PAH for subjects in the
control group was 152.59 ± 7.96 cm at baseline and 154.22 ± 7.84
cm at 52 weeks (P = 0.002; Figure 2F). DPAHs in the treatment
and control groups were 6.28 ± 4.81 cm and 1.55 ± 4.96 cm,
respectively (Table 2). The LSM in DPAHs at week 52 between
the treatment and control groups was 4.93 (95% CI 3.91–5.96).

PAH was further stratified by age to assess if age of initiation
had an impact on the efficacy of GH treatment. DPAH at week 52
was 6.67 ± 4.96 cm in children aged ≤7 years and 4.50 ± 3.81 cm
in children aged >7 years, suggesting that a greater gain in height
was observed in children aged ≤7 years (Figure 2G). The LSM
difference in DPAH between the treatment and control groups in
children aged ≤7 years was 5.51 (95% CI 4.32–6.70) and 2.77
(95% CI 0.90–4.65) in children aged >7 years.

3.3.2 Familial Short Stature
ISS is a heterogenous condition covering children with familial
short stature (FSS) and nonfamilial short stature (NFSS). FSS is
defined as a child with short stature compared with the relevant
TABLE 2 | Efficacy outcome measures of the FAS.

Untreated control (n = 112) Somatropin 0.05 mg/kg/day (n = 360)

DHT-SDS
Week 4 0.08 ± 0.22 0.13 ± 0.14
Week 13 0.10 ± 0.28 0.36 ± 0.21
Week26 0.11 ± 0.25 0.60 ± 0.22
Week39 0.18 ± 0.30 0.86 ± 0.28
Week52 0.20 ± 0.33 1.04 ± 0.31

DHeight, cm
Week4 0.70 ± 1.05 1.00 ± 0.58
Week13 1.67 ± 1.22 2.93 ± 0.80
Week26 3.04 ± 1.24 5.51 ± 1.02
Week39 4.51 ± 1.35 7.98 ± 1.25
Week52 5.85 ± 1.80 10.19 ± 1.47

DPAH, cm
Week26 1.13 ± 4.09 3.66 ± 4.08
Week52 1.55 ± 4.96 6.28 ± 4.84

DBA/CA
Week26 –0.007 ± 0.070 0.009 ± 0.070
Week52 0.004 ± 0.100 0.040 ± 0.090

DHV, cm/year
Week4 3.12 ± 14.83 7.43 ± 8.39
Week13 1.05 ± 7.57 6.58 ± 4.92
Week26 0.55 ± 5.97 5.91 ± 4.10
Week39 0.51 ± 5.61 5.56 ± 3.81
Week52 0.75 ± 4.34 5.17 ± 3.70

DIGF-1 SDS
Week4 –0.10 ± 0.71 1.62 ± 0.92
Week13 0.15 ± 1.02 1.92 ± 1.06
Week26 0.10 ± 0.79 2.12 ± 1.11
Week39 0.15 ± 0.87 2.33 ± 1.15
Week52 0.22 ± 0.98 2.31 ± 1.20
D, change in; BA, bone age; CA, chronological age; FAS, full analysis set; HT-SDS, height standard deviation score; HV, height velocity; IGF-1 SDS, insulin-like growth factor-1 standard
deviation score; PAH, predicted adult height.
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population, but remains within the expected target height range
for the family, with 1 parent HT-SDS < –2 (1). Here, subgroups
of FSS and NFSS were analyzed to determine the impact of GH
treatment. At 52 weeks, in GH-treated subjects, DHT-SDS from
baseline was 0.94 ± 0.30 in the FSS group and 1.06 ± 0.31 in the
NFSS group (both P < 0.001). In the FSS group, HT-SDS was –
1.61 ± 0.47 and –2.40 ± 0.45 in the treatment and control groups,
respectively, whereas in the NFSS group, HT-SDS was –1.60 ±
0.55 and –2.49 ± 0.56 in the treatment and control groups,
respectively, at week 52. Figure 2H compares the HT-SDS
between the FSS and NFSS groups. There was significant
improvement in terms of HT-SDS (P < 0.001) in the NFSS
group compared with the FSS group at the end of 52 weeks
(Figure 2H). The LSM difference in DHT SDS between FSS and
NFSS was –0.11 (95% CI –0.19 to –0.04). PAH was 4.99 ± 4.88
and 0.14 ± 4.03 in the FSS treatment and control groups,
respectively, whereas in the NFSS group, PAH was 6.56 ± 4.80
and 1.83 ± 5.10 in the treatment and control groups, respectively,
at week 52. The LSM difference in DPAH at week 52 between FSS
and NFSS was –1.36 (95% CI –2.49 to –0.23). Similar trends were
also observed with HV at 52 weeks, with the FSS group and the
NFSS group achieving mean HV of 9.75 ± 1.46 cm/year and
10.27 ± 1.45 cm/year with treatment, respectively. The LSM
difference between FSS and NFSS in DHV at week 52 was –0.48
(95% CI –0.86 to –0.10).

3.4 Safety
The frequencies of total treatment-emergent adverse events
(TEAEs) were similar in both study groups (treatment vs.
control: 89.8% vs. 82.4%, Table 3). Most TEAEs were mild to
moderate in severity. The most common TEAEs in the treatment
group were upper respiratory tract infection (66.0%), fever
(19.6%), cough (10.8%), bronchitis (5.5%), respiratory tract
infection (7.2%), rhinitis (2.8%), and indigestion (2.5%). One
subject withdrew from the study due to neutropenia, which was
deemed unrelated to treatment.

AEs reported in 23 (6.4%) subjects in the treatment group
were considered related to treatment. They were all mild to
moderate in severity. Of note, 4 subjects experienced elevated
Frontiers in Endocrinology | www.frontiersin.org 7118
thyroid-stimulating hormone, 3 had scoliosis, elevated blood
glucose level and rash occurred in 2 subjects each, and
hypersensitivity and hypothyroidism were reported in 1 subject
each. All but 3 subjects (1 case of hypothyroidism, scoliosis, and
extremity pain each) recovered from the drug-related TEAEs.
Serious AEs (SAEs) occurred in 25 subjects (treatment: 19
[5.2%], control: 6 [5.0%]) and were deemed unrelated to
treatment. All subjects recovered from the SAEs. No deaths
were reported with GH treatment in the study.

The numbers of subjects with IGF-1 SDS more than +2 in the
treatment and control groups at week 52 were 154 (42.5%) and 2
(1.7%), respectively. IGF-1/IGFBP-3 ratios in the treatment and
control groups were 0.19 ± 0.05 and 0.13 ± 0.04, respectively.
Abnormal ECGs were reported in 7 (1.9%) subjects in the
treatment group and 2 (1.6%) subjects in the control group.
Whole-spine X-ray examination was deemed abnormal in 13
subjects in the treatment group and 4 subjects in the control
group. There were generally no unexpected safety issues with
respect to clinical laboratory examinations, vital signs, and
physical examinations.

The numbers of subjects detected with antidrug antibodies at
baseline, week 26, and 52 were 0 (0.0%), 5 (1.4%), and 10 (2.8%),
respectively; they all tested negative for neutralizing antibodies.
4 DISCUSSION

Several studies have been conducted to investigate the benefits of
rhGH therapy in children with ISS; however, only a few were
randomized with a negative control or placebo to compare the
effect of treatment on height outcomes (12–15). The purpose of
this study was to evaluate the safety and efficacy of daily
somatropin at a dose of 0.05 mg/kg/day in Chinese children
with ISS, and to assess the superiority of treatment over control.
Overall, the results for the PPS were consistent with the FAS
across all outcome measures, confirming the robustness of these
data. The parallel study design and large number of children
recruited made this study one of the few that provided objective
TABLE 3 | Adverse events of the SS.

Untreated control (n = 119) n (%) Somatropin 0.05 mg/kg/day (n = 362) n (%) Total (N = 481) n (%)

Total TEAEs 98 (82.4) 325 (89.8) 426 (88.6)
Total TRAEs 0 (0.0) 23 (6.4) 23 (4.8)
SAEs 6 (5.0) 19 (5.2) 25 (5.2)
Treatment suspension due to TEAEs 0 (0.0) 203 (56.1) 203 (42.2)
Treatment suspension due to TRAEs 0 (0.0) 2 (0.6) 2 (0.4)
Treatment suspension due to SAEs 0 (0.0) 13 (3.6) 13 (2.7)
TEAEs occurring in ≥5% of subjects in any group
Upper respiratory tract infection 78 (65.5) 239 (66.0) 317 (65.9)
Fever 10 (8.4) 71 (19.6) 81 (16.8)
Cough 10 (8.4) 39 (10.8) 49 (10.2)
Bronchitis 12 (10.1) 20 (5.5) 32 (6.7)
Respiratory tract infection 5 (4.2) 26 (7.2) 31 (6.4)
Rhinitis 8 (6.7) 10 (2.8) 18 (3.7)
Indigestion 7 (5.9) 9 (2.5) 16 (3.3)
April 2022 | Volum
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evidence of the effects of daily rhGH treatment in the
Asian population.

Greater improvement in HT-SDS was observed in the
treatment group than in the control group at week 52 (–1.60 ±
0.53 vs. –2.48 ± 0.54). The mean HT-SDS of subjects who
received somatropin reached normal range (≥ –2.25) after a
year of treatment, indicating that GH treatment has a positive
impact on growth. These subjects achieved a mean height of 3.13
cm taller than untreated subjects. In a meta-analysis of 6
randomized and 4 nonrandomized controlled trials evaluating
the effect of short-term GH therapy in children with ISS, the
difference in HT-SDS between the treatment and control group
was reported to be 0.60 after a year (16). HV was significantly
greater in the GH-treated group than in controls after 1 year of
treatment, with the pooled estimate for the difference between
both groups being 2.86 ± 0.37 cm/year (16). Of note, the age
ranges of the analyzed children were older, with a few studies
including pubertal children. This meta-analysis provided
evidence that 1 year of GH therapy can increase HV and
HT-SDS.

The results of our study were consistent with more recent
studies in the Asian population, showing improvements in
auxological variables in terms of HT-SDS and HV. In a phase
3, randomized, controlled trial, Chung et al. reported an increase
in 6-month HV from 5.63 ± 1.62 cm/year at baseline to 10.08 ±
1.92 cm/year with Saizen® 0.067 mg/kg/day. The difference in
△HV between treatment and control was 3.47 cm/year (95% CI
2.51–5.00; P < 0.0001). △HT-SDS was 0.96 at 12 months with
treatment (12). Although the subjects recruited were slightly
older and the treatment dose was higher, their results were
comparable with ours. Similar benefits were observed in
another phase 3 study conducted by Kim et al. (14). In this
study, HV and HT-SDS were 10.68 ± 1.95 cm/year and 0.63 ±
0.16, respectively, after 6 months of Growtropin®-II 0.37 mg/kg/
week, which was equivalent to 0.05 mg/kg/day (14). In an open-
label study, Eutropin® 0.37 mg/kg/week for 26 weeks was able to
achieve a HV of 6.36 ± 3.36 cm/year and the gain in HT-SDS was
0.57 ± 0.27 (17). The short-term benefit of GH treatment was
also demonstrated in a real-world observational study of 2,596
subjects with ISS with a mean age of 11.5 years and a baseline
HT-SDS of –2.3 ± 0.8 (18). 1-year of GH treatment improved
HT-SDS by 0.61 ± 0.33 (18). These studies demonstrated that
short-term GH treatment was able to achieve growth
enhancement in prepubertal children with ISS.

Daily administration of rhGH in prepubertal children with ISS
during the 52-week treatment period significantly increased
DPAH, HV, and IGF-1 SDS compared with control at all time
points. Of note, the improved PAH could be taken to denote that
short-term treatment had a beneficial effect on final height. While
BA/CA increased with GH treatment compared with control, it
remained <1 after 52 weeks of treatment. Given the large sample
size, it was easier to achieve statistical significance with bone
maturation as it increased from 0.81 ± 0.15 at baseline to 0.85 ±
0.13 at week 52. △BA/CA was 0.04 ± 0.09, indicating slight
progression of BA. The LSM difference also showed that GH
treatment increased △BA/CA compared with control. However,
Frontiers in Endocrinology | www.frontiersin.org 8119
1 study fromKorea reported no significant difference in DBA from
baseline with treatment compared with control (14). The effect of
treatment on BA/CA varies, 1 study reported a ratio of 1.06 ±1.00
after 3 years of treatment, while another 0.93 ± 0.11 with 1 year of
treatment (19, 20). The inclusion of children during peripuberty or
puberty may influence BA progression and BA/CA ratio because
of the effects of sex steroids. In our study, all enrolled children were
prepubertal at baseline, and only 19 (4.0%; 13 [3.6%] in the
treatment group and 6 [5.4%] in the control group) advanced to
a higher Tanner stage by week 52, which was unlikely to confound
the efficacy assessments. Nonetheless, a delay in BA at the onset of
treatment was associated with greater BA progression in the first
year of therapy and longer-term treatment may gradually increase
BA/CA ratio to 1, enabling BA to catch up with CA (21, 22).

Subjects were further stratified by age. Children aged 7 years
or younger showed larger increments in DHT-SDS, △HV, and
DPAH compared with those who were older than 7 years,
suggesting that starting GH treatment earlier may yield better
growth outcomes. Further study is warranted to elucidate the
optimal age of treatment. In a retrospective cohort study by
Ranke et al., height achieved and gain in HT-SDS depended on
the age at which GH was initiated, supporting the notion that
starting GH treatment earlier yielded a better response (23).

It has been suggested that ISS can be subdivided into FSS and
NFSS. FSS refers to children with a normal growth velocity and
growing in a normal trajectory toward their midparental height
range but are short compared to the reference population (24). In
our subgroup analysis, treated subjects categorized as NFSS had a
higher HT-SDS, PAH, and HV compared with those in the FSS
group. Similarly, Sotos and Tokar conducted a retrospective
analysis to compare FSS and NFSS, and reported a favorable
height gain in the latter (25). Similarly, earlier studies by Wit
et al. and Albertsson-Wikland et al. also showed that children
with NFSS responded better to GH treatment than those with
FSS (26, 27), as FSS is a condition believed to be caused by small
contributions of multiple genes. The smaller benefit observed in
children with FSS compared with NFSS may be attributed to
lower GH sensitivity, GH resistance, or mutations in the IGF-1
gene (24). Based on this sub-analysis, it may be useful to
categorize subjects with ISS into FSS and NFSS so as to better
predict their growth outcomes with GH treatment. Further
research is warranted to validate this observation.

Daily somatropin 0.05 mg/kg/day had a favorable safety
profile throughout the 52-week study period, apart from the
subject who experienced elevated alanine aminotransferase. The
subject was treated with cough syrup prior to the GH treatment
and there were no other abnormal signs or symptoms. It was not
clear whether the increase in alanine aminotransferase was due
to an infection or the cough syrup, nevertheless, the subject
recovered without needing further intervention. In 1 study,
Quigley et al. also observed AEs such as scoliosis,
hypothyroidism, and changes in carbohydrate metabolism with
GH treatment in pediatric patients with ISS based on a dosing
range of 0.22–0.37 mg/kg/week (28). Interestingly, otitis media,
which was not present in our study, was reported in 8% of
patients (28). Leschek et al. reported scoliosis in 7 patients who
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received GH treatment at a dose of 0.22 mg/kg/wk, 3 more than
placebo (15). Another study reported mild pruritus on the
injection site, which was absent in this present study, as the
only adverse event related to treatment spontaneously resolved
without any intervention (17). The incidences of TEAEs reported
in both study groups were similar. All SAEs that occurred during
the study, such as upper respiratory tract infection, bronchitis,
and tonsilitis, were deemed unrelated to the treatment. Elevated
IGF-1 levels have been associated with the development of cancer
(29). While the mean IGF-1 SDS in the treatment group of our
study was 1.82 ± 1.34 at week 52, 42.5% of subjects had IGF-SDS
levels of more than +2, which was above the normal range using
age-appropriate reference standards. Although there has been no
evidence so far to suggest increased risk of some cancers in later
life with the use of GH, it is appropriate to monitor IGF-1 levels
and adjust and tailor the dose where necessary, especially for
those who are receiving long-term treatment. Antidrug
antibodies to somatropin that were detected in some children
had no effect on the efficacy and safety of treatment, as their data
showed consistent results with those of antibody-
negative subjects.

The strength of this study is the inclusion of a negative control
group, giving confidence that any efficacy and safety effects may
be attributable to daily somatropin at 0.05 mg/kg/day. While
randomized, controlled trials provide the most robust evidence,
they may not reflect what occurs in the real world. Hence, the
ongoing, open-extension, observational study will shed light on
whether the clinical benefit of somatropin is sustained following
another year of individualized treatment.

There are several limitations of this study. It does not present
a full picture of short-term treatment on adult height. It also does
not elucidate the long-term efficacy of somatropin. As such,
longer treatment and follow-up are warranted. This is supported
by a recent observational study in China where a longer GH-
treatment course of ≥2 years yielded better efficacy compared
with shorter treatment courses in terms of △HT-SDS in
children with ISS, despite administering during peripuberty
(≥2 years vs. 1–2 years vs. 6–12 months vs. 3–6 months:
1.54 ± 1.23 vs. 1.01 ± 1.31 vs. 1.00 ± 1.27 vs. 1.30 ± 1.09) (6).
The extended, open-label, observation study of this phase 3
trial will provide a better understanding on the longer-term
effects of somatropin in children with ISS in China.

In conclusion, daily somatropin at a dose of 0.05 mg/kg/day
demonstrated superiority to no treatment in terms of gain in HT-
SDS and HV increment. There was a significant increase in
height gain, PAH, and IGF-SDS after 52 weeks of treatment in
Frontiers in Endocrinology | www.frontiersin.org 9120
prepubertal children with ISS. somatropin was well tolerated
with a favorable safety profile.
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The evaluation of children with short stature includes monitoring over a prolonged period
to establish a growth pattern as well as the exclusion of chronic medical conditions that
affect growth. After a period of monitoring, evaluation, and screening, growth hormone
stimulation testing is considered when the diagnosis of growth hormone deficiency (GHD)
is entertained. Though flawed, growth hormone stimulation tests remain part of the
comprehensive evaluation of growth and are essential for the diagnosis of growth
hormone (GH) deficiency. Variables including testing length, growth hormone assay and
diagnostic cut off affect results. Beyond the intrinsic issues of testing, results of GH
stimulation testing can be influenced by patient characteristics. Various factors including
age, gender, puberty, nutritional status and body weight modulate the secretion of GH.

Keywords: sex hormone priming, IGF – I, short stature, growth hormone deficiency, growth hormone – secretion
INTRODUCTION

Concern about poor growth is the leading reason for referrals to a pediatric endocrinologist (1). The
evaluation of children with short stature includes monitoring over a prolonged period to establish a
growth pattern as well as the exclusion of chronic medical conditions that affect growth. After a
period of monitoring, evaluation, and screening, growth hormone stimulation testing is considered
when the diagnosis of growth hormone deficiency (GHD) is entertained.

Lack of puberty at an expected age is another common reason patients are referred. Typically,
95% of girls present at least one sign of puberty by 13 years of age and boys by 14 years of age. These
conditions of growth and pubertal delay can be difficult to diagnose because the rate of growth
appears to decelerate as they cross growth percentiles around the time of the anticipated pubertal
growth spurt. Thus, the growth deceleration due to constitutional delay of puberty and growth
hormone deficiency can be difficult to ascertain with certainty (1).

Measuring GH concentrations at random times is unreliable because growth hormone (GH) is
secreted from the anterior pituitary in a pulsatile fashion and is mainly stimulated by the release of
hypothalamic growth hormone-releasing hormone (GHRH). Instead, patients are usually screened
for GH deficiency by measuring serum IGF-1 and IGF-BP3 levels which have longer half-life and no
pulsatility. Though flawed, growth hormone stimulation tests remain part of the comprehensive
evaluation of growth and are essential for the diagnosis of growth hormone (GH) deficiency (2–4).
For GH stimulation testing, two agents provoke GH secretion from the pituitary (L-dopa, clonidine,
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arginine, glucagon). These provocative agents are not
physiological and do not replicate normal secretory dynamics.
The insulin tolerance test which is considered the gold standard
for diagnosis of GHD is used to assess GH secretion in response
to hypoglycemia. Given the risks associated with hypoglycemia,
it is performed less frequently in the outpatient setting. Serial
blood samples are taken to detect the point of maximal serum
concentration of GH (1). Peak growth hormone (PGH) response
to provocative testing is a vital determinant of the clinical
response to GH therapy. In a study by Cohen et al. of
prepubertal children characterized as GH deficient or
idiopathic short stature based on GH stimulation testing
without sex hormone priming, those with idiopathic short
stature required doses nearly 2 times higher to reach an IGF-1
target of 2 SDS (5). The stimulated PGH level response to two
pharmacologic stimuli that distinguishes between GH deficient
and sufficient patients is unclear and likely exists on a continuum
with levels of 5, 7 and 10 ng/mL having been proposed, each
without adequate data for substantiation. The currently agreed
upon peak GH cutoff is 10 ng/mL (1, 6, 7). Stimulation testing
with arginine and levodopa with samples obtained for 3 hours is
perhaps most frequently used in many large multicenter studies
(3, 6, 8, 9).
INTRINSIC TEST FACTORS

Test Length
Some studies of various GH ST protocols suggest that sampling
or duration can be reduced from 3 hours, whilst preserving the
accuracy of diagnosis (10–13). Data from our single center
experience of provocative GH testing using an identical
protocol on a large cohort of 315 pediatric patients with short
stature and/or growth failure showed peak GH response was
reached by 2 hours in 97.8% of those tested. This study indicated
that the GH ST with arginine and levodopa can be terminated at
2 hours without compromising its diagnostic value based on the
currently accepted peak growth hormone response cutoff of 10
ng/mL, as exclusion of the 3 hour sample did not alter the GH
sufficiency status in any of the 315 patients (9).
Growth Hormone Assay
There are several practical and logistical limitations to
stimulation testing. Results are often often vary depending on
which assay is used to analyze blood samples. Historically, GH
was measured by a wide variety of approaches including
bioassays, radio receptor assays, immunoassays and mass
spectrometry (14). Currently, immunoassays are used most
commonly to measure serum GH concentrations in clinical
settings. Endogenous GH in serum exists in numerous
isoforms with the majority being the isoform of 22 kDa
molecular weight. However, approximately 10% circulates as
the 20 kDa isoform and other isoforms and growth hormone
fragments circulate in smaller portions (15). Different
immunoassays can detect different spectrums of total GH
isoforms. In an effort to standardize across isoforms, current
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consensus guidelines recommend assay calibration with a highly
purified preparation of the 22 kDa recombinant human GH
isoform of GH (2, 16). Additionally, GH immunoassays
transitioned from using polyclonal antibodies that targeted
multiple epitopes on varying GH isoforms to monoclonal
antibodies targeting one isoform (14). With these changes,
current assays have a narrower target.

On the new assays, GH concentrations yields are lower than
on older assays. Cutoffs for peak growth hormone response to
GH stimulation testing may need to be revisited with the
adoption of newer assays with lower reported GH
concentrations. Since only small changes in isoform ratios have
been reported in certain states such has pituitary tumors and
exercise, concentrations of 22 kDa GH accurately reflect total
GH secretion (14). Still, inter-assay differences between
immunoassays occur due to differences variations in the type
of immunoassay, antibody specificity, and interference from GH
binding proteins (14).

Peak Growth Hormone Cut Off
As recombinant growth hormone became more widely available,
less stringent criteria for the diagnosis of GHD were
implemented with increase in peak GH cut off levels. With the
renewed interest in oral GH secretagogues, a reassessment of
peak GH cut offs may be helpful. The studies by Bright et al. and
Blum et al. suggest that a partially intact pituitary axis is needed
for GH secretagogues to be effective (17, 18). Individuals with
“moderate” growth hormone deficiency who may respond to GH
secretagogues need to be differentiated from those with “severe”
growth hormone deficiency who require growth hormone
therapy (9).

Traditionally, the interpretation of GH stimulation testing
results was binary with the adherence to pass/fail diagnostic GH
cutoffs. Perhaps, instead, the results should be interpreted on a
continuum that spans severe GHD requiring GH therapy to
moderate or provisional GHD for which alternative therapies
and further monitoring of growth should be considered (19).
There is increasing evidence supporting the need to revisit cutoffs
for peak GH after stimulation based on the assay used to measure
serum GH concentrations (20, 21). Lower cutoffs for peak GH
levels based on specific assays have been proposed. The
establishment of method-specific clinical evidence-based GH
cutoff limits would help ensure adequate clinical diagnoses.

Supporting MRI Findings
In GHD, brain MRI may show congenital pituitary abnormalities
such as anterior pituitary dysplasia/hypoplasia, pituitary stalk
interruption syndrome, and developmental cyst but also tumoral
lesions (22). Neuroimaging is a crucial study in the diagnostic
process of GHD. With only partial integrity of the hypothalamic
pituitary connections, growth hormone secretion was able to be
stimulated by growth hormone releasing hormone plus Arginine
(23). In children with congenital GHD but less severe
impairment of the pituitary stalk, the GH response to
stimulation may be sufficient but pituitary GH reserve
deteriorates with a GH response of < 10 ug/L after 20 yr of age
(23). MRI may be helpful in differentiating those with moderate
June 2022 | Volume 13 | Article 902364
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or provisional GHD. Findings of pituitary abnormalities support
decisions on GH treatment in such cases of moderate GHD (peak
GH of 7-10 ng/ml), as GHD is expected to evolve.

PATIENT FACTORS
Beyond the intrinsic issues of testing, results of GH stimulation
testing can be influenced by patient characteristics. GH secretion
is influenced by several factors including age, gender, puberty,
nutritional status and body weight (24–26).

BMI
Obesity has been associated with decreased spontaneous and
stimulated GH secretion in both adults (27–30), and children
(31) and weight reduction has been followed by increased GH
secretion (31–35). Though the exact neuroendocrine mechanism
causing the blunted GH response in obesity is unknown,
proposed mechanisms include high circulating levels of insulin
which can suppress GH synthesis and release and adipocyte-
secreted leptin affecting GH regulation (36–39). It has been
demonstrated that PGH response to stimulation testing with
A-LD decreased with higher BMI SDS in a large cohort of normal
weight healthy children with a range of BMI that approximated a
normal distribution (mean BMI SDS of -0.3 ± 1.0). This finding
suggests that the inverse relationship between BMI and PGH is
not isolated to obesity and is evident in the normal weight
children (9). Still, BMI is not currently consistently considered
in the interpretation of the peak GH response in children.

Puberty and Sex Hormones
During puberty, there is a normal increase in growth hormone
concentrations due to a larger mass of GH released per pituitary
secretory episode resulting from a higher maximal rate of GH
secretion per secretory burst (40). Due to the physiologic rise of GH
during puberty, there is a debate as to whether prepubertal children
should be “primed” with sex hormones before GH provocative
testing (1). In addition to endogenous sex hormones, short term
administration of exogenous sex hormones can modulate growth
hormone secretion (41). Priming leads to increased peak GH levels
and decreases the false positive rate for diagnosing GH deficiency in
healthy controls (42–44). In the study by Marin et. al, a subset of 11
prepubertal normal children were primed with 2 days of estrogen.
Peak GH response rose to levels seen in subjects at pubertal stages 4
and 5 (45). In a later study by Muller et al. of 26 boys primed with a
single dose of testosterone, 77% increased their peak GH level to
> 10 ng/ml (46). In a study of 315 patients undergoing GH
stimulation testing, there was no difference in rates of GHD in
prepubertal and pubertal patients (9).

In 2016, the Pediatric Endocrine Society updated their guidelines
to support priming with sex hormones in prepubertal children
(boys > 11 years old and girls > 10 years old) (2). The stated reason
for this recommendation of priming was to avoid unnecessary GH
treatment of children with constitutional delay of growth and
puberty (2). Yet, the practice of priming remains controversial in
Europe (47). In a study of 8 European countries and the US
performed after these guidelines were published, priming was
recommended in 5 out of 9 countries (48).
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This hormonal milieu of puberty is not sustained after priming.
On these supraphysiologic testosterone levels, endogenous growth
hormone secretion may be overestimated. Will these children who
responded to exogenous sex hormones be able to secrete enough
GH at the time of puberty? Would peripubertal children who have
lower peak GH levels without priming benefit from exogenous GH
therapy? This overestimation can lead to false negative results and
deny eligible children required treatment with growth hormone. It is
unclear whether children diagnosed with GHD with or without
priming respond differently to GH treatment. However,
constitutional delay and GHD can be difficult to differentiate and
priming should be considered in delayed puberty (49). Short term
adverse side effects of priapism and testicular pain were reported in
approximately 3% of prepubertal boys primed with short courses of
testosterone (50).

Altering a patient’s baseline characteristics is not recommended
with any other stimulation testing to diagnose a hormonal
deficiency. As an alternative to priming, normative values of peak
growth hormone response should be further explored to develop cut
off limits based on pubertal stage. This was first proposed by Rose
et al. when they found that mean spontaneous night time growth
hormone levels rose during pubertal development in both boys and
girls, with the highest levels at mid-puberty (51). Currently, distinct
cut offs are only defined for children and adults. Cut offs based on
pubertal staging would bridge the continuum. Reassessment of the
GH/IGF-I axis when a child treated with growth hormone
peripubertally enters puberty has been proposed as another
alternative to priming (19). Though it is common in practice to
continue growth hormone therapy once diagnosed with GHD until
the epiphyses close, GH therapy could be paused at onset of puberty
to repeat the GH stimulation test and determine if continued
therapy is necessary. We recommend obtaining pubertal hormone
levels at time of GH stimulation testing to correlate GH response to
pubertal status. In our clinical experience, we have cared for patients
with low peak GH response to stimulation without priming in
whom we elected not to treat that later demonstrated adequate
growth velocity and adult height. This demonstrates the importance
of the clinician’s interpretation of clinical findings in combination
with stimulation testing results.
DISCUSSION

Given its flaws, one should enter GH ST with a high predictive
value. The Pediatric Endocrine Society recommends against the use
of GH stimulation testing as the sole diagnostic criterion of GHD
(2). The decision to proceed with growth hormone (GH ST)
stimulation testing should be reached only after careful
consideration and only when the result will significantly
contribute to the diagnostic process (9). If one combines
stimulation testing result with the patient’s anthropometric
measurements, height velocity, physical findings, screening tests,
and IGF-1 and IGF-BP3 levels, more complete clinical picture is
capture that allows for proper individualized diagnosis and
treatment (1). While by itself growth hormone stimulation testing
is unreliable, within the overall picture of a patient with short
stature, decreased growth velocity, and low IGF-1 level, the results of
June 2022 | Volume 13 | Article 902364
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growth hormone stimulation testing may complete a picture that
the astute clinician can properly utilize to decide on interventions
such as growth hormone therapy.

In conclusion we recommend careful, long term observation of
patients with growth failure. The decision to undertake growth
hormone stimulation should be reserved for those in whom its
results would be the last and deciding parameter for therapeutic
intervention. If still unclear, additional observation and evaluations
such as genetic testing and perhaps repeat stimulation testing should
be considered.
Frontiers in Endocrinology | www.frontiersin.org 4125
AUTHOR CONTRIBUTIONS

MY contributed with substantial contributions to the conception or
design of the work; or the acquisition, analysis or interpretation of
data for the work, and drafting the work or revising it critically for
important intellectual content. RR contributed by providing
approval for publication of the content and analysis or
interpretation of data for the work, and drafting the work or
revising it critically for important intellectual content. All authors
contributed to the article and approved the submitted version.
REFERENCES

1. Graber E, Rapaport R. Growth and Growth Disorders in Children and
Adolescents. Pediatr Ann (2012) 41(4):e1–9. doi: 10.3928/00904481-20120307-07

2. Grimberg A, DiVall SA, Polychronakos C, Allen DB, Cohen LE, Quintos JB,
et al. Guidelines for Growth Hormone and Insulin-Like Growth Factor-I
Treatment in Children and Adolescents: Growth Hormone Deficiency,
Idiopathic Short Stature, and Primary Insulin-Like Growth Factor-I
Deficiency. Horm Res Paediatr (2016) 86(6):361–97. doi: 10.1159/000452150

3. Cohen P, Rogol AD, Deal CL, Saenger P, Reiter EO, Ross JL, et al. Consensus
Statement on the Diagnosis and Treatment of Children With Idiopathic Short
Stature: A Summary of the Growth Hormone Research Society, the Lawson
Wilkins Pediatric Endocrine Society, and the European Society for Paediatric
Endocrinology Workshop. J Clin Endocrinol Metab (2008) 93(11):4210–7.
doi: 10.1210/jc.2008-0509

4. Chesover AD, Dattani MT. Evaluation of Growth Hormone Stimulation
Testing in Children. Clin Endocrinol (Oxf) (2016) 84(5):708–14. doi: 10.1111/
cen.13035

5. Cohen P, Germak J, Rogol AD, Weng W, Kappelgaard AM, Rosenfeld RG, et al.
Variable Degree of Growth Hormone (GH) and Insulin-Like Growth Factor (IGF)
Sensitivity in Children With Idiopathic Short Stature Compared With GH-
Deficient Patients: Evidence From an IGF-Based Dosing Study of Short Children.
J Clin Endocrinol Metab (2010) 95(5):2089–98. doi: 10.1210/jc.2009-2139

6. van Vught AJ, Nieuwenhuizen AG, Gerver WJ, Veldhorst MA, Brummer RJ,
Westerterp-Plantenga MS, et al. Pharmacological and Physiological Growth
Hormone Stimulation Tests to Predict Successful GH Therapy in Children. J
Pediatr Endocrinol Metab (2009) 22(8):679–94. doi: 10.1515/
JPEM.2009.22.8.679

7. Gandrud LM, Wilson DM. Is Growth Hormone Stimulation Testing in
Children Still Appropriate? Growth Horm IGF Res (2004) 14(3):185–94.
doi: 10.1016/j.ghir.2003.11.003

8. Cohen P. Statement 1: A Serum Insulin-Like Growth Factor I (IGF-I) Level
Should be Part of the Evaluation of Children With Short Stature. Pediatr
Endocrinol Rev (2008) 5 Suppl 3:834–6.

9. Yau M, Chacko E, Regelmann MO, Annunziato R, Wallach EJ, Chia D, et al.
Peak Growth Hormone Response to Combined Stimulation Test in 315
Children and Correlations With Metabolic Parameters. Horm Res Paediatr
(2019) 92(1):36–44. doi: 10.1159/000502308

10. Muster L, Zangen DH, Nesher R, Hirsch HJ, Muster Z, Gillis D, et al. Arginine
and Clonidine Stimulation Tests for Growth Hormone Deficiency Revisited–
do We Really Need So Many Samples? J Pediatr Endocrinol Metab (2009) 22
(3):215–23. doi: 10.1515/JPEM.2009.22.3.215

11. Jaruratanasirikul S, Leethanaporn K, Sriplung H. Should the Duration of the
Insulin Tolerance Test be Shortened to 90 Minutes? J Pediatr Endocrinol
Metab (2004) 17(8):1105–9. doi: 10.1515/JPEM.2004.17.8.1105

12. Galluzzi F, Stagi S, Parpagnoli M, Losi S, Pagnini I, Favelli F, et al. Oral
Clonidine Provocative Test in the Diagnosis of Growth Hormone Deficiency
in Childhood: Should We Make the Timing Uniform? Horm Res (2006) 66
(6):285–8. doi: 10.1159/000095781

13. Strich D, Terespolsky N, Gillis D. Glucagon Stimulation Test for Childhood
Growth Hormone Deficiency: Timing of the Peak Is Important. J Pediatr
(2009) 154(3):415–9. doi: 10.1016/j.jpeds.2008.08.044
14. Ribeiro de Oliveira Longo Schweizer J, Ribeiro-Oliveira A Jr, Bidlingmaier M.
Growth Hormone: Isoforms, Clinical Aspects and Assays Interference. Clin
Diabetes Endocrinol (2018) 4:18. doi: 10.1186/s40842-018-0068-1

15. Baumann GP. Growth Hormone Isoforms. Growth Horm IGF Res (2009) 19
(4):333–40. doi: 10.1016/j.ghir.2009.04.011

16. Clemmons DR. Consensus Statement on the Standardization and Evaluation
of Growth Hormone and Insulin-Like Growth Factor Assays. Clin Chem
(2011) 57(4):555–9. doi: 10.1373/clinchem.2010.150631

17. Bright GM, Do MT, McKew JC, Blum WF, Thorner MO. Development of a
Predictive Enrichment Marker for the Oral GH Secretagogue LUM201 in
Pediatric Growth Hormone Deficiency. J Endocrine Soc (2021) 5(6):bvab030.
doi: 10.1210/jendso/bvab030

18. Blum WF, Bright GM, Do MT, McKew JC, Chen H, Thorner MO, et al.
Corroboration of Height Velocity Prediction Markers for rhGHWith an Oral
GH Secretagogue Treatment in Children With GHD. J Endocrine Soc (2021) 5
(6):bvab029. doi: 10.1210/jendso/bvab029

19. Allen DB. The Diagnosis of Growth Hormone Deficiency Remains a
Judgment Call - and That Is Good. Horm Res Paediatr (2021) 94:406–9.
doi: 10.1159/000521628

20. Wagner IV, et al. Clinical Evidence-Based Cutoff Limits for GH Stimulation
Tests in Children With a Backup of Results With Reference to Mass
Spectrometry. Eur J Endocrinol (2014) 171(3):389–97.

21. Lotierzo M, et al. Comparative Study of Human Growth Hormone
Measurements: Impact on Clinical Interpretation. Clin Chem Lab Med
(2022) 60(2):191–7.

22. Xu C, Zhang X, Dong L, Zhu B, Xin T. MRI Features of Growth Hormone
Deficiency in Children With Short Stature Caused by Pituitary Lesions. Exp
Ther Med (2017) 13(6):3474–8. doi: 10.3892/etm.2017.4377

23. Maghnie M, Salati B, Bianchi S, Rallo M, Tinelli C, Autelli M, et al.
Relationship Between the Morphological Evaluation of the Pituitary and the
Growth Hormone (GH) Response to GH-Releasing Hormone Plus Arginine
in Children and Adults With Congenital Hypopituitarism. J Clin Endocrinol
Metab (2001) 86(4):1574–9. doi: 10.1210/jcem.86.4.7394

24. Lee HS, Hwang JS. Influence of Body Mass Index on Growth Hormone
Responses to Classic Provocative Tests in Children With Short Stature.
Neuroendocrinology (2011) 93(4):259–64. doi: 10.1159/000326838

25. Ho KY, Evans WS, Blizzard RM, Veldhuis JD, Merriam GR, Samojlik E, et al.
Effects of Sex and Age on the 24-Hour Profile of Growth Hormone Secretion
in Man: Importance of Endogenous Estradiol Concentrations. J Clin
Endocrinol Metab (1987) 64(1):51–8. doi: 10.1210/jcem-64-1-51

26. Iranmanesh A, Lizarralde G, Veldhuis JD. Age and Relative Adiposity Are
Specific Negative Determinants of the Frequency and Amplitude of Growth
Hormone (GH) Secretory Bursts and the Half-Life of Endogenous GH in
Healthy Men. J Clin Endocrinol Metab (1991) 73(5):1081–8. doi: 10.1210/
jcem-73-5-1081

27. Makimura H, Feldpausch MN, Rope AM, Hemphill LC, Torriani M, Lee H,
et al. Metabolic Effects of a Growth Hormone-Releasing Factor in Obese
Subjects With Reduced Growth Hormone Secretion: A Randomized
Controlled Trial. J Clin Endocrinol Metab (2012) 97(12):4769–79. doi:
10.1210/jc.2012-2794

28. Radack JA, White PC, Adams-Huet B, Oden JD. Stimulated Growth Hormone
Concentrations in Obese Pediatric Patients With Mild and Severe Insulin
June 2022 | Volume 13 | Article 902364

https://doi.org/10.3928/00904481-20120307-07
https://doi.org/10.1159/000452150
https://doi.org/10.1210/jc.2008-0509
https://doi.org/10.1111/cen.13035
https://doi.org/10.1111/cen.13035
https://doi.org/10.1210/jc.2009-2139
https://doi.org/10.1515/JPEM.2009.22.8.679
https://doi.org/10.1515/JPEM.2009.22.8.679
https://doi.org/10.1016/j.ghir.2003.11.003
https://doi.org/10.1159/000502308
https://doi.org/10.1515/JPEM.2009.22.3.215
https://doi.org/10.1515/JPEM.2004.17.8.1105
https://doi.org/10.1159/000095781
https://doi.org/10.1016/j.jpeds.2008.08.044
https://doi.org/10.1186/s40842-018-0068-1
https://doi.org/10.1016/j.ghir.2009.04.011
https://doi.org/10.1373/clinchem.2010.150631
https://doi.org/10.1210/jendso/bvab030
https://doi.org/10.1210/jendso/bvab029
https://doi.org/10.1159/000521628
https://doi.org/10.3892/etm.2017.4377
https://doi.org/10.1210/jcem.86.4.7394
https://doi.org/10.1159/000326838
https://doi.org/10.1210/jcem-64-1-51
https://doi.org/10.1210/jcem-73-5-1081
https://doi.org/10.1210/jcem-73-5-1081
https://doi.org/10.1210/jc.2012-2794
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles


Yau and Rapaport GH Stimulation Testing: To Test?
Resistance: A Pilot Study. J Pediatr Endocrinol Metab (2010) 23(4):355–61.
doi: 10.1515/jpem.2010.056

29. Qu XD, Gaw Gonzalo IT, Al Sayed MY, Cohan P, Christenson PD, Swerdloff
RS, et al. Influence of Body Mass Index and Gender on Growth Hormone
(GH) Responses to GH-Releasing Hormone Plus Arginine and Insulin
Tolerance Tests. J Clin Endocrinol Metab (2005) 90(3):1563–9. doi: 10.1210/
jc.2004-1450

30. Stanley TL, Feldpausch MN, Murphy CA, Grinspoon SK, Makimura H.
Discordance of IGF-1 and GH Stimulation Testing for Altered GH
Secretion in Obesity. Growth Horm IGF Res (2014) 24(1):10–5. doi:
10.1016/j.ghir.2013.11.001

31. Loche S, Guzzetti C, Pilia S, Ibba A, Civolani P, Porcu M, et al. Effect of Body
Mass Index on the Growth Hormone Response to Clonidine Stimulation
Testing in Children With Short Stature. Clin Endocrinol (Oxf) (2011) 74
(6):726–31. doi: 10.1111/j.1365-2265.2011.03988.x

32. Rasmussen MH, Hvidberg A, Juul A, Main KM, Gotfredsen A, Skakkebaek
NE, et al. Massive Weight Loss Restores 24-Hour Growth Hormone Release
Profiles and Serum Insulin-Like Growth Factor-I Levels in Obese Subjects. J
Clin Endocrinol Metab (1995) 80(4):1407–15. doi: 10.1210/jcem.80.4.7536210

33. Argente J, Caballo N, Barrios V, Muñoz MT, Pozo J, Chowen JA, et al.
Multiple Endocrine Abnormalities of the Growth Hormone and Insulin-Like
Growth Factor Axis in Patients With Anorexia Nervosa: Effect of Short- and
Long-Term Weight Recuperation. J Clin Endocrinol Metab (1997) 82
(7):2084–92. doi: 10.1210/jcem.82.7.4090

34. Williams T, Berelowitz M, Joffe SN, Thorner MO, Rivier J, Vale W, et al.
Impaired Growth Hormone Responses to Growth Hormone-Releasing Factor
in Obesity. A Pituitary Defect Reversed With Weight Reduction. N Engl J Med
(1984) 311(22):1403–7. doi: 10.1056/NEJM198411293112203

35. Tanaka K, Inoue S, Numata K, Okazaki H, Nakamura S, Takamura Y, et al.
Very-Low-Calorie Diet-Induced Weight Reduction Reverses Impaired
Growth Hormone Secretion Response to Growth Hormone-Releasing
Hormone, Arginine, and L-Dopa in Obesity. Metabolism (1990) 39(9):892–
6. doi: 10.1016/0026-0495(90)90296-O

36. Luque RM, Kineman RD. Impact of Obesity on the Growth Hormone Axis:
Evidence for a Direct Inhibitory Effect of Hyperinsulinemia on Pituitary
Function. Endocrinology (2006) 147(6):2754–63. doi: 10.1210/en.2005-1549

37. Lee EJ, Kim KR, Lee HC, Cho JH, Nam MS, Nam SY, et al. Acipimox
Potentiates Growth Hormone Response to Growth Hormone-Releasing
Hormone by Decreasing Serum Free Fatty Acid Levels in Hyperthyroidism.
Metabolism (1995) 44(11):1509–12. doi: 10.1016/0026-0495(95)90154-X

38. Kok P, Buijs MM, Kok SW, Van Ierssel IH, Frölich M, Roelfsema F, et al.
Acipimox Enhances Spontaneous Growth Hormone Secretion in Obese
Women. Am J Physiol Regul Integr Comp Physiol (2004) 286(4):R693–8.
doi: 10.1152/ajpregu.00595.2003

39. Coutant R, Lahlou N, Bouvattier C, Bougnères P. Circulating Leptin Level and
Growth Hormone Response to Stimulation Tests in Obese and Normal
Children. Eur J Endocrinol (1998) 139(6):591–7. doi: 10.1530/eje.0.1390591

40. Martha PM Jr, Gorman KM, Blizzard RM, Rogol AD, Veldhuis JD.
Endogenous Growth Hormone Secretion and Clearance Rates in Normal
Boys, as Determined by Deconvolution Analysis: Relationship to Age,
Pubertal Status, and Body Mass. J Clin Endocrinol Metab (1992) 74(2):336–
44. doi: 10.1210/jcem.74.2.1730812

41. Leung KC, Johannsson G, Leong GM, Ho KKY. Estrogen Regulation of
Growth Hormone Action. Endocr Rev (2004) 25(5):693–721. doi: 10.1210/er.
2003-0035

42. Growth Hormone Research S. Consensus Guidelines for the Diagnosis and
Treatment of Growth Hormone (GH) Deficiency in Childhood and
Frontiers in Endocrinology | www.frontiersin.org 5126
Adolescence: Summary Statement of the GH Research Society. GH
Research Society. J Clin Endocrinol Metab (2000) 85(11):3990–3.
doi: 10.1210/jcem.85.11.6984

43. Murray PG, Dattani MT, Clayton PE. Controversies in the Diagnosis and
Management of Growth Hormone Deficiency in Childhood and
Adolescence. Arch Dis Child (2016) 101(1):96–100. doi: 10.1136/
archdischild-2014-307228

44. Sato T, Kusakawa M, Ichihashi Y, Ishii T, Hasegawa T. Testosterone Priming
Increased Growth Hormone Peak Levels in the Stimulation Test and
Suppressed Gonadotropin Secretion in Three Japanese Adolescent Boys.
Clin Pediatr Endocrinol (2020) 29(3):119–21. doi: 10.1297/cpe.29.119
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In standard 52-week phase III clinical trials, once weekly lonapegsomatropin,

somatrogon and somapacitan have been found to yield non-inferior height

velocities and similar safety profiles to daily GH (DGH) in children with pediatric

growth hormone deficiency (PGHD).

Lonapegsomatropin, a long-acting GH therapy (LAGH), was approved by the

United States Food and Drug Administration (FDA) in August 2021 for the

treatment of PGHD and has also been approved in other regions of the world.

Somatrogon was approved for the treatment of PGHD beginning in some

regions beginning in late 2021. Somapacitan was approved by the FDA for the

treatment of Adult GHD in August 2020. The phase III clinical trial of

somapacitan for the treatment of PGHD has been completed and

demonstrated non-inferiority of somapacitan to DGH.

New LAGH products may improve patient adherence, quality of life and clinical

outcomes, particularly in patients with poor adherence to daily GH injections in

the future. With the availability of new LAGH products, clinicians will need to

identify the best candidates for LAGH therapy and understand how to monitor

and adjust therapy. Long-term surveillance studies are needed to demonstrate

adherence, efficacy, cost-effectiveness and safety of LAGH preparations and to

unders tand how the non-phys io log ica l pharmacok inet ic and

pharmacodynamic profiles following administration of each LAGH product

relate to short- and long-term safety and efficacy of LAGH therapy.

KEYWORDS

long-acting growth hormone, pediatr ic growth hormone deficiency,
lonapegsomatropin, somapacitan, somatrogon
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Introduction

This article describes the rationale for using long-acting GH

therapy (LAGH), previous attempts at generating LAGH

preparations by different pharmaceutical companies, LAGH

therapies currently in development or approved around the

world, insulin-like growth factor I (IGF-I) monitoring during

LAGH therapy, patient selection for LAGH therapy and the

future of LAGH.

Daily recombinant human GH (DGH) therapy became

available for the treatment of pediatric GHD (PGHD) in 1985

and adult GHD (AGHD) in 1996. However, because of the need

for daily injections, individual adherence to GH has been shown

to decrease over time with concomitant reductions in height

velocity and IGF-I levels in the short term in children and

adolescents. In a recent analysis of electronic medical records

following initiation of DGH, adherent patients gained an

additional 1.8 cm over 1 year compared to non-adherent

patients (1). It is likely that reduced adherence to daily

injections limits treatment outcomes as evidenced by adult

height in children who required GH replacement therapy that

are below the mean for the population (2–8). Thus, it has been

hypothesized that LAGH products might help mitigate

treatment non-adherence and potentially improve long term

treatment effects in patients with PGHD.
Status of long-acting growth
hormone products

Nutropin Depot®, rhGH released slowly from biodegradable

microspheres, was the first LAGH approved for PGHD in 1999,

but was removed from the market in 2004 due to marketing and

manufacturing issues. Since then, a number of other attempts

have been made to develop LAGH products using different

approaches to prolong the half-life of the GH molecule (9),

including unmodified rhGH in a depot formulation (i.e.

Eutropin Plus®), pegylated rhGH (i.e. Jintrolong®),

modification of rhGH to increase albumin binding (i.e.

somapacitan, Sogroya®), rhGH fusion proteins (i.e.

somatrogon, NGENLA®) and prodrug releasing unmodified

rhGH (i.e. lonapegsomatropin, Skytrofa®). Eutropin Plus®
Frontiers in Endocrinology 02
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( S ou t h Ko r e a ) , J i n t r o l ong® (Ch i n a ) , S k y t r o f a®

(lonapegsomatropin; US) and NGENLA® (somatrogon;

European Union, Canada, Australia and Japan) are currently

approved and available for treatment of PGHD (Table 1).

Somapacitan (Sogroya®; US, EU, Japan) is currently approved

for AGHD but not PGHD.
Lonapegsomatropin

Lonapegsomatropin is a prodrug consisting of unmodified

GH transiently conjugated to methoxypolyethylene glycol

(Table 1). This transient chemical modification allows time-

release of unmodified GH with a half-life of ~25 hours allowing

for once-weekly administrat ion. Cl inica l tr ia l s of

lonapegsomatropin have demonstrated positive efficacy results

in children (Phase 2 and 3) and adults (Phase 2) with GHD. In

the phase III trial of lonapegsomatropin in PGHD, children

receiving lonapegsomatropin 0.24 mg/kg once weekly grew 11.2

cm/yr compared to 10.3 cm/yr for children receiving DGH at a

dose of 0.24 mg/kg/wk. The estimated treatment difference was

0.86 cm (95% Confidence intervals, 0.22 to 1.50) demonstrating

non-inferiority and statistical superiority of lonapegsomatropin

compared to DGH (Table 2, Figure 1) (10). No concerning side

effects have been demonstrated with lonapegsomatropin in

children or adults.

Children receiving lonapegsomatropin in the extension

portions of the phase III trials have continued to show efficacy

and safety (13–15). After completion of the 12 month pivotal

randomized trial comparing lonapegsomatropin to DGH

(heiGHt) or completion of the 6 month switch trial (fliGHt),

children were able to enroll in the enliGHten extension study. In

the most recently available data for the enliGHten trial, at 130

weeks children had reached an average height SDS of -0.64

compared to their midparental target height SDS of -0.39. In the

36 children who completed the trial, they had reached an average

height SDS of -0.38 with a difference compared to their mid-

parental target height SDS of -0.05 (15).

In the phase III heiGHt trial of lonapegsomatropin in

PGHD, children receiving lonapegsomatropin 0.24 mg/kg once

weekly had mean IGF-I SDS at week 52 of +0.72 SDS compared

to -0.02 SDS in children receiving DGH (Table 2). Two children
TABLE 1 Long-acting growth hormone characteristics and approval locations.

Lonapegsomatropin Somatrogon Somapacitan

Mechanism Reversible Pegylation Fusion Protein with hCG CTP (x3) Acylation increases reversible binding to endogenous Albumin

Molecular Weight of Active Agent
(kDa)

22 41 23.3

Approval US, EU EU, Canada, Australia, Japan US, EU, Japan
(AGHD only)
hCG, human chorionic gonadotropin; CTP, c-terminal peptide; kDa, kilodalton; US, United States; EU, European Union; AGHD, adult growth hormone deficiency.
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had dose reductions due to asymptomatic elevations of IGF-I

(10). In the phase III fliGHt switch trial, the average IGF-I

obtained five days after lonapegsomatropin injection was +1.6

SDS. For subjects who had IGF-I values ≤2 SDS at entry into the

fliGHt trial (already receiving DGH therapy), 31.2% of children

had IGF-I values five days after lonapegsomatropin injection >

+2 SDS at 26 weeks (14). In the most recently available data for

the enliGHten trial, at 130 weeks children had an average IGF-I

value five days after lonapegsomatropin injection of +1.46 SDS

(15). Dose reductions of lonapegsomatropin occurred in 29.9%

of ch i ld ren in the t r i a l r e su l t ing in an average

lonapegsomatropin dose of 0.212 mg/kg/wk (13, 15).
Somatrogon

Somatrogon consists of GH with the addition of three

cassettes representing the c-terminal peptide (CTP) of human
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chorionic gonadotropin resulting in a fusion protein of

approximately 41 kDa (Table 1). The addition of the CTP

cassettes gives somatrogon a prolonged in vivo half-life in

comparison with native GH allowing for once-weekly

administration of somatrogon.

The phase I I I t r i a l o f somat rogon in AGHD

(ClinicalTrials.gov Identifier: NCT01909479) was completed in

2016 and failed to meet the primary endpoint (16). However, the

phase III trial of somatrogon in PGHD (ClinicalTrials.gov

Identifier: NCT02968004) that was completed in 2019

demonstrated non-inferiority of somatrogon to DGH (17, 18).

Based upon these results, somatrogon received market

authorization for treatment of PGHD in the European Union

by the European Medicines Agency in February 2022 (19).

Additionally, somatrogon is approved for PGHD in Australia,

Canada and Japan and is marketed as NGENLA® (Table 1). A

Biologics License Application for somatrogon for the treatment

of PGHD was submitted to the US Food and Drug
FIGURE 1

Estimated Treatment Difference in Height Velocity for Different Long-Acting Growth Hormone Products.
TABLE 2 Long-acting growth hormone treatment response at 52 weeks.

Lonapegsomatropin (10) Somatrogon (11) Somapacitan (12)

Dose (mg/kg/wk) 0.24 0.66 0.16

Height Velocity LAGH (cm/yr) 11.2 10.1 11.2

Height Velocity DGH (cm/yr)
(0.24 mg/kg/wk)

10.3 9.8 11.7

Estimated Treatment Difference (cm/yr), (95% CI) 0.9 (0.2-1.5) 0.3 (-0.2, 0.9) -0.5 (-1.1, 0.2)

Estimated Average
IGF-I SDS

+0.72 +0.65 +0.28

IGF-I SDS DGH -0.02 -0.69 +0.10
mg, milligram; kg, kilogram; wk, week; cm, centimeter; yr, year; DGH, daily growth hormone; CI, confidence interval; IGF-I, insulin-like growth factor I; SDS, standard deviation score.
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Administration (FDA) in 2021 and received a Complete

Response Letter in January 2022, but is currently not approved

in the US (20). In the phase III trial of somatrogon in PGHD,

children receiving somatrogon 0.66 mg/kg once weekly grew

10.1 cm/yr compared to 9.8 cm/yr for children receiving DGH at

a dose of 0.24 mg/kg/wk. The estimated treatment difference was

0.33 cm (95% confidence interval, -0.24 to 0.89) demonstrating

non-inferiority of somatrogon compared to DGH (Table 2,

Figure 1). No concerning side effects have been demonstrated

with somatrogon in children or adults. Anti-drug antibodies

have been reported in a significant number of children receiving

somatrogon. However, there has not been any demonstration

that the reported anti-drug antibodies have been neutralizing or

had a negative impact on the growth of children receiving

somatrogon. In a report of long-term growth with up to 4

years somatrogon therapy in PGHD from the extension

portions of the phase II and III trials, the achieved height

velocities and height z-scores were similar or slightly better

than expected compared to historical controls from the Pfizer

registry KIGS (21).

In the phase III trial of somatrogon in PGHD, children

receiving somatrogon 0.66 mg/kg once weekly had mean IGF-I

SDS at week 52 of +0.65 SDS compared to -0.69 SDS in children

receiving DGH (Table 2) (11). There are no data available yet for

IGF-I values in children treated with somatrogon for

longer periods.
Somapacitan

Somapacitan consists of GH with one amino acid

substitution in an area not involved in GH receptor binding

(Table 1). An acyl linker that functions as an albumin binding

moiety is covalently attached to the modified amino acid. The

albumin binding moiety reversibly binds to endogenous albumin

gives somapacitan a prolonged in vivo half-life in comparison

with native GH allowing for once-weekly administration

of somapacitan.

Sogroya® (somapacitan; US, Europe, Japan) was approved

by the FDA for treatment of AGHD in August 2020, but is yet to

be commercially available in the US. It is available in the EU and

Japan (Table 1). The somapacitan phase III trial in PGHD

(ClinicalTrials.gov Identifier: NCT03811535) was completed in

2021 and the results were reported recently, but are not yet

published in the peer-reviewed literature (22, 23). In the phase

III trial of somapacitan in PGHD, children receiving

somapacitan 0.16 mg/kg once weekly grew 11.2 cm/yr

compared to 11.7 cm/yr for children receiving DGH at a dose

of 0.24 mg/kg/wk. The estimated treatment difference was

-0.5 cm (95% confidence interval, -1.1 to 0.2) demonstrating

non-inferiority of somapacitan compared to DGH (Table 2,
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Figure 1) (12). In a report of long-term growth with up to 4 years

somapacitan therapy in PGHD from the extension portions of

the phase II trial (REAL3), there was a mean height SDS change

from baseline of 2.85 SDS for those who received somapacitan

throughout and 2.28 SDS for those who received DGH for two

years before switching to weekly somapacitan (24). With a

baseline height SDS for the somapacitan groups of

approximately -3.8 SDS, the height SDS after 4 years

somapacitan therapy would be approximately -0.95 SDS. With

a baseline height SDS of -3.4 for the group who received DGH

before switching to somapacitan the height SDS after 4 years

somapacitan therapy would be -1.12 SDS (25). No concerning

side effects have been demonstrated with somapacitan in

children or adults.

In the phase III trial of somapacitan in PGHD, children

receiving somapacitan 0.16 mg/kg once weekly had mean IGF-I

SDS at week 52 of +0.28 SDS compared to +0.10 SDS in children

receiving DGH (Table 2) (12). In the extension studies of

somapacitan, mean IGF-I SDS at year 4 was +1.29 SDS for

those who received somapacitan throughout and +0.94 SDS for

those who received DGH for two years before switching to

weekly somapacitan (24).
IGF-I monitoring

The pharmacodynamics of the different LAGH products

have been measured using IGF-I as the biomarker. Based upon

the pharmacodynamic models, the peak IGF-I levels occur

between 2 and 3 days and the average IGF-I level occurs

between four and six days. Using IGF-I data from the phase 2

and phase 3 clinical trials in children, pharmacodynamic models

have been developed to estimate the average IGF-I

concentrations from a single serum sample obtained at any

time after an injection of LAGH at study state (26–28). It is

necessary that the timing of the injection and the timing of

collection of the serum sample are known in order to calculate

the estimated average IGF-I level. Therefore, if a convenience

sample is obtained four to five days after the injection, it is a

reasonable estimate of the average IGF-I. If the sample is

collected at any other time following the injection, an IGF-I

calculator can be used to calculate the estimated average IGF-I.

An IGF-I calculator is available for lonapegsomatropin (27). The

shape of the pharmacodynamic curve should be identical

regardless of the method of IGF-I assay. Therefore, the IGF-I

calculator could be very useful regardless of the type of IGF-I

assay used. However, these calculators and pharmacodynamic

models need to be evaluated further in a broader population of

children with GHD, including pubertal children and transition

patients. Additionally, since IGF-I values are not normally

distributed, the SDS values may vary by age and assay (29).
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For this reason, further validation of these models with different

IGF-I assays is needed.

Dose adjustment

LAGH has been studied in clinical trials using a weight-based

dosing paradigm (11, 12, 15). In this dosing paradigm, similar to

DGH, the dose of LAGH was adjusted for the weight of the child at

specified clinical research visits. In the published data, the only other

dose adjustments occurred were due to elevated IGF-I levels or

adverse events. Therefore, there is little information available to

guide the clinician on how to adjust the dose of the different LAGH

products. In clinical practice, adjustment of DGH dosing has been

based upon weight or body surface area, height velocity and/or IGF-

I levels. The use of IGF-I levels to guide dose adjustment of DGH

therapy has been recommended for both safety and short-term

efficacy purposes. From a safety perspective, it has been

recommended that GH therapy increases IGF-I levels to rise into

the normal range (i.e. ≤ +2 SDS) (30, 31). From an efficacy

perspective, targeting an IGF-I in the upper part of the normal

range (+1 to +2 SDS) has been suggested in order to improve short-

term efficacy (32). However, long-term efficacy of this approach has

not been demonstrated. Weight-based dosing of DGH has been

shown to achieve an IGF-I level close to 0 SDS depending upon the

dose used (33).

As described earlier, the pharmacodynamic profiles of IGF-I

levels following an injection of the different LAGH products

show a significant increase of IGF-I from baseline to peak and

with return to baseline before the next injection (11, 12, 15). It is

likely that the efficacy of LAGH will correlate with the average

IGF-I level achieved (32). Therefore, it will be important to be

able to estimate an average IGF-I from serum samples collected

at random clinic visits. Using the IGF-I calculator to estimate

average IGF-I values from these samples may help guide dose

adjustment of LAGH (11, 12, 15). Lonapegsomatropin,

somatrogon and somapacitan have been shown to have a

linear IGF-I dose response during clinical trials suggesting that

predictable changes in average IGF-I levels can be achieved with

adjustments in dose of these LAGH molecules (15, 28, 34, 35).

There have been concerns raised that short-term elevations of

GH and IGF-I during LAGH therapy may be associated with

short- and long-term adverse events (29, 31). The GH Research

Society consensus guidelines suggested that the goal of LAGH

therapy is to maintain IGF-I levels within the age-appropriate

range for the majority of the treatment period, as IGF-I levels

maintained within such age-appropriate range correlates with

safety of treatment (31). However, peak IGF-I levels, using the

pharmacodynamic model, may be able to be estimated for future

analysis of their relationship to safety and efficacy. Clinicians

interested in measuring peak IGF-I levels following LAGH

administration at steady-state could obtain IGF-I measurements

between 2 and 3 days after an injection (26–28).
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Patient selection for LAGH

When selecting children with GHD for treatment with

LAGH, providers may consider a number of different

characteristics known to negatively impact adherence.

Potential candidates for LAGH include individuals with poor

adherence, particularly teenagers, young children expected to be

on therapy for many years, children with needle phobia, children

transitioning to self-injection and patients on multiple other

medications, particularly injectable medications like insulin.

Good candidates will likely be a highly motivated subset of

this list of potential candidates. The prescriber needs to

recognize that children with poor adherence with DGH may

still have poor adherence with LAGH. Based upon the short-

term efficacy and safety data, providers are also likely to start

LAGH in naïve children.

Although lonapegsomatropin is approved for PGHD down

to 1 year of age and somatrogon is approved for PGHD down to

3 years of age, children with severe GHD associated with

hypoglycemia may not be good candidates for LAGH products

since they may be at increased risk of hypoglycemia at trough

GH levels occurring in the day or two prior to each injection.

Since hypoglycemia can occur in children above 3 years of age in

isolated PGHD or PGHD associated with multiple pituitary

hormone deficiencies, it will be important for providers to

recognize this potential risk when considering LAGH therapy.

Glucose measurements have been collected in children with

PGHD during clinical trials of lonapegsomatropin, somatrogon

and somapacitan without any reports of hypoglycemia.

However, children with hypoglycemia associated with PGHD

would not be naïve at the ages recruited into those clinical trials.

Therefore, the occurrence of hypoglycemia in PGHD needs to be

studied carefully and may warrant a different dosing paradigm of

LAGH products, such as twice weekly injections instead

of weekly.

Cancer survivors with PGHD are a group of children who

warrant careful thought when considering LAGH therapy. DGH

has not been shown to cause recurrent neoplasms, but concern

about a small increased risk for subsequent neoplasms overall in

pediatric cancer survivors remains (36). Therefore, theoretical

concerns about transient elevations of GH and IGF-I that occur

with each LAGH dose may lead providers to hesitate when

considering LAGH therapy in cancer survivors with PGHD (37).

Alternatively, providers may select an LAGH product that has a

more flat IGF-I profile with fewer IGF-I excursions above +2 or

+3 SDS, a lower LAGH dose or both. If clinicians diagnose

PGHD early in cancer survivors, GH replacement therapy may

be initiated before the height percentile declines below the

normal range, and maintenance of a normal growth rate is

sufficient. Thus, use of a higher GH dose to achieve catch-up

growth would not be necessary. As more safety and efficacy data

for LAGH emerges and as experience with LAGH products
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grows, it is possible that LAGH may potentially replace DGH in

the treatment of PGHD.
Early experience with LAGH

Since the approval of Skytrofa® (lonapegsomatropin) for

PGHD in the US in August 2021, numerous pediatric

endocrinologists have begun to prescribe lonapegsomatropin

in children. In my personal experience, some children and

their families have been reluctant to start lonapegsomatropin

instead of DGH or to switch from DGH to lonapegsomatropin.

In my practice, the most common reason for families to prefer

not to switch to lonapegsomatropin was due to concerns about

insurance coverage. In addition to concerns about whether

insurance would cover the new product, families were

concerned that seeking approval of lonapegsomatropin could

lead to a lack of continued approval or renewal of their currently

approved DGH. Although this perception may be unique to the

US insurance market, it was a powerful deterrent for many

families to consider switching to LAGH. It is likely that concern

regarding insurance coverage will improve as contracts with

insurance providers are developed. FDA approval of other

LAGH products may also improve insurance coverage. If

adherence and outcomes are demonstrated to be superior in

children receiving LAGH, this should also improve insurance

coverage of these products. Finally, some children, their families

and their providers may be reluctant to transition to LAGH

products due to comfort and good growth outcomes with DGH,

availability of decades of safety and efficacy data for DGH and

fear of change. The cost and cost-effectiveness of LAGH

products are also likely to impact treatment decisions.

Collection of longitudinal safety and efficacy data for LAGH

should help providers provide appropriate reassurance for

families interested in treatment with LAGH in the future.
Future directions

The LAGH products in development have been studied

primarily in PGHD. Studies to demonstrate safety and efficacy

of LAGH for children with other growth disorders are also

needed. A phase II study of Eutropin Plus® (LB03002) in

idiopathic short stature (ISS) in South Korea showed evidence

of non-inferiority of two doses compared to DGH at 0.37 mg/kg/

wk (38). A phase II study of 0.16, 0.20 and 0.24 mg/kg/wk

somapacitan (REAL5) in short children born Small for

Gestational Age (SGA) demonstrated improved height velocity

to 8.9, 11.1 and 11.2 cm/yr, respectively. Children with SGA

receiving 0.35 and 0.67 mg/kg/wk DGH demonstrated a height

velocity of 10.5 and 11.9 cm/yr, respectively. A phase III clinical

trial of somapacitan in short children with SGA, Turner
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Syndrome, Noonan Syndrome and Idiopathic Short Stature

(REAL8) is estimated to start in July 2022 (39).

Although a transition from daily injections to once weekly

injections has been shown to improve adherence in other

treatment areas, it has not yet been demonstrated in children

receiving LAGH products (40–43). It will be important to

evaluate adherence through standard methodologies including

pharmacy refill data. Novel approaches for capturing adherence

such as the Bluetooth capability of the electronic injection device

for lonapegsomatropin, if approved, will provide additional

information to correlate adherence with treatment outcomes.

Although LAGH preparations are being evaluated through a

regulatory process that requires demonstration of non-

inferiority to DGH injections, it is likely that these compounds

will result in improved long-term efficacy as well as convenience

for patients and their caregivers. This improvement in outcomes

will likely be due to the underestimated impact of reduced

adherence and persistence with GH therapy. The data from

extension studies of lonapegsomatropin, somatrogon and

somapacitan demonstrate the potential for LAGH to close the

efficacy gap seen with DGH therapy. Long-term studies,

including real world evidence, are still needed to demonstrate

these benefits as they are crucial in determining the cost-

effectiveness and safety of LAGH preparations.

The long-term safety of LAGH products requires further

study as they do not mimic the physiologic profile of

endogenous GH secretion or the non-physiologic profile of

DGH for which we have extensive safety data. It remains to be

seen whether this difference in pharmacokinetic and

pharmacodynamic profile will exert a positive or negative

impact on short- and long-term safety and efficacy. Following

the approval of rhGH in 1985, numerous phase 4 post marketing

surveillance registries have collected safety and efficacy data for

DGH therapy (44). These studies accumulated more than

600,000 patient years of safety and efficacy data and helped

our community learn about common and rare side effects of

DGH therapy. One of the challenges of these studies was that

children were no longer followed after DGH therapy was

discontinued, and were therefore lost to follow-up. In order to

collect important data regarding linear growth and metabolic

outcomes in children receiving LAGH preparations, including

lonapegsomatropin, it will be crucial to perform similar phase IV

post marketing surveillance studies. However, in order to avoid

losing the patients when they complete therapy or transition to

another GH product and to capture patient reported outcomes,

it is imperative to develop studies utilizing LAGH therapy that

follow children long-term well into their adulthood.

Efforts to develop an independent international study to

achieve these outcomes is currently underway (GloBE-Reg

LAGH (https://globe-reg.net/)) spearheaded by a consortium

of pediatric endocrinology societies. These efforts require

support from the manufacturers of DGH and LAGH

preparations, as well as from the pediatric endocrinology
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community. Pfizer has also begun a registry (PROGRES, Pfizer

Registry of Outcomes in Growth hormone RESearch) to collect

safety and efficacy data in children receiving somatrogon and

DGH (45). If registries developed by manufacturers of LAGH

products can interact with each other and the GloBE-Reg LAGH

study to share data that will increase the power to identify

important outcomes. LAGH phase IV registry studies may be

useful in validating IGF-I pharmacodynamic models for each

LAGH product and in determining the relationship between

estimated peak and estimated average IGF-I levels to short- and

long-term safety and efficacy of LAGH therapy.
Conclusion

Numerous LAGH preparations have been or are currently

being developed, but they each have their unique molecular

characteristics and clinical efficacies (9). In standard 52 week

phase III clinical trials, once weekly lonapegsomatropin,

somatrogon and somapacitan have been found to yield non-

inferior height velocities in children with PGHD with safety

profiles comparable to DGH. In longer term extension studies,

once weekly lonapegsomatropin, somatrogon and somapacitan

have been found to have sustained efficacy in children with

PGHD. Thus, LAGH preparations have the potential to close the

efficacy gap in DGH by reaching a near adult height appropriate

for the mid-parental target height and the population. However,

it remains to be seen whether these effects can be replicated in

real world use of LAGH. LAGHmay improve patient adherence,

quality of life and clinical outcomes, particularly in patients with

poor adherence to DGH injections. Long-term surveillance

studies are needed to demonstrate adherence, efficacy, cost-
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effectiveness and safety of LAGH preparations and to

understand the relationship between estimated peak and

estimated average IGF-I levels at steady state to short- and

long-term safety and efficacy of LAGH therapy.
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Health disparities are a significant cause of concern globally and in the United

States. Disparities have been additionally highlighted throughout the ongoing

COVID-19 pandemic during which populations of color have been the most

affected by the disease. Social determinants of health, race, ethnicity, and

gender have all contributed to disparate outcomes and disparities spanning all

age groups. Multiple socio-ecological factors contribute to disparities and

different strategies have been proposed. The purpose of this paper is to

provide an overview of disparities in pediatric treatment and outcomes, with

a focus on children with endocrine disorders.

KEYWORDS

growth hormone deficiency, pediatric short stature, gender disparities, racial
disparities, healthcare disparities
Introduction

Health disparities are a significant cause of concern globally and in the United States.

Disparities have been additionally highlighted throughout the ongoing COVID-19

pandemic during which populations of color have been the most affected by the

disease (1, 2). Social determinants of health, race, ethnicity, and gender have all

contributed to disparate outcomes and disparities spanning all age groups. Multiple

socio-ecological factors contribute to disparities and different strategies have been

proposed. The purpose of this paper is to provide an overview of disparities in

pediatric treatment and outcomes, with a focus on children with endocrine disorders.

Health disparities are defined as differences in health outcomes that can be attributed

to social, economic, or environmental disadvantages and frequently greatly affect health

outcomes. For example, food insecurity in children leads to malnutrition, poor growth,

weakened immune systems, and is a common cause of death globally (3). Most pediatric
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health disparity research has focused on the cumulative and

synergistic impact of differences in socioeconomic status (SES),

race, and ethnicity on the life-course trajectory and its outcomes

in adulthood.

The Center for Disease Control (CDC) defines the social

determinants of health as circumstances in which individuals are

born, live, work, and age that impact health outcomes (3). This

encompasses four categories of interacting factors: 1)

socioeconomic circumstances, 2) psychosocial factors, 3)

neighborhood environment, and 4) political, economic, and

cultural drivers (4, 5).

Racial and ethnic disparities exist in health care and health

outcomes in the U.S. across the socioeconomic spectrum.

Minority groups have been found to have a higher incidence

of complications and mortality associated with oncologic

diseases, chronic diseases, and infant mortality (5, 6). Most

recently, the COVID-19 pandemic has significantly and

disproportionately impacted minority groups in the U.S. in

prevalence, intensive care unit admissions, and deaths -

exacerbating pre-existing disparities (7). Given that the 2020

U.S. Census Bureau reports non-White individuals comprise

42.2% of the population, the estimated number of individuals

affected is staggering (8).

Prevalent gender disparities in healthcare are another

major source of high impact inequities (9). For example,

despite females having an increased survival post liver

transplant compared to males, females have a lower

probability of receiving a liver transplant (10). Compared to

men with diabetes, women with diabetes have higher rates of

coronary heart disease, stroke, depression, anxiety, and

mortality (11).
Health disparities in pediatric
health care

Health care disparities have been extensively reported in the

pediatric population. In pediatric emergency rooms children

fromminority groups had longer wait times and fewer analgesics

prescribed in trauma cases (12). In Neonatal Intensive Care

Units (NICU), compared to Black and Hispanic children, White

children experienced higher rates of breastfeeding, more early

intervention referrals, more kangaroo care, and had less risk of

intraventricular hemorrhage, and lower rates of mortality and

morbidity (13). Female infants compared to males had higher

rate of post-cardiac surgery mortality (14). Even in pediatric

clinical trials, representation of Black children has increased in

the last decade, although still underrepresented, however

disparities still exist in the enrollment of American Indian/

Alaska Native, Asian, and Native Hawaiian/Pacific Islander

children (15).
Frontiers in Endocrinology
136
Health disparity in pediatric
endocrinology

Social, ethnic, and gender disparities are also noted in the

field of Pediatric Endocrinology. Diabetes mellitus is one of the

most common pediatric chronic diseases and significant

advances have been made in managing this disease (16).

Recent studies have demonstrated that Black children are

significantly less likely to use continuous glucose monitors and

insulin pumps (17–22). Data have shown that caregivers’

perception of cost and providers’ perception of family

competence were essential factors when deciding the level of

treatment intensity in patients with type 1 diabetes mellitus

(T1DM) (23). When using health insurance as a proxy for SES,

White children with public insurance were 1.4 to 1.7 times more

likely than Black children with commercial insurance to be

prescribed an insulin pump (17). Even when both parents

completed high school and college, 68% of White children

received diabetes technology compared to 34% of Black

children (20).

Patients who receive less intensive treatment have poorer

diabetes control. Studies on rates of complications associated

with T1DM in minority groups reported that Hispanic and

Black children have poorer metabolic control when compared to

White children (24–27). White children were found to have

lower hemoglobin A1c when compared to Black children,

independent of insurance type (17). When assessing chronic

complications of T1DM such as diabetic retinopathy, White

children were more likely to obtain annual dilated eye

examination screenings than Black children (28). Compared to

White and Hispanic children, Black children have more hospital

admissions for diabetic ketoacidosis and more hypoglycemia

episodes (18). Black children represent 46% of all pediatric

diabetes mellitus population yet comprise 77% of the diabetes-

related deaths. In contrast, White children represent 26% of the

pediatric diabetes mellitus population and comprise only 7% of

related deaths (18).

Racial and gender disparities are also seen in the evaluation

of childhood short stature (SS). SS is defined as height less than

two standard deviations (-2 SD) below the mean for age and sex.

Growth failure is defined as growth velocity <0 SD below the

mean for age and sex. SS can be a normal variant of growth as

seen in familial short stature and constitutional delay; however,

it can also reflect pathological states (29–31). For a child to be

evaluated for endocrine causes of SS, a referral is typically

initiated by the primary care provider (PCP). Retrospective

data analyses have reported a predominance of White males

being referred for concerns of growth (22, 32). Caregivers’

attitudes and level of concern play an essential role in deciding

when to refer a child to a subspecialty clinic and the degree of

concern is not uniform amongst different families. When

parents were questioned about the impact of SS on adult men
frontiersin.org

https://doi.org/10.3389/fendo.2022.989404
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Beliard et al. 10.3389/fendo.2022.989404
and women, they reported that short men suffer in self-esteem

and personal success; in contrast, short women were not believed

to face these problems (33). Several studies have found that Black

families had a higher threshold to consider SS an issue, believing

that height is a minor problem when more important issues exist

(34, 35). Explicit and implicit providers’ bias has been

extensively reported and even the most well-meaning

providers may have subconscious biases, known as implicit

biases (7, 36). It is therefore crucial for health care providers

to identify and address structural racism in health care team that

may be perpetuating poor health outcomes in minority groups.

In the evaluation of children with SS associated with growth

hormone deficiency (GHD), data from several growth hormone

(GH) surveillance programs have highlighted gender, racial and

ethnic disparities in diagnosis and treatment (Table 1). August

et al. reported the demographics of children followed in the post-

marketing surveillance of Somatrem; the population consisted of

87.8% White, 6% Black, and 1% Asian (40). Males comprised

71.6% of their population and females comprised 28.4%. They

noted that Black children referred for SS were shorter and had

lower peak GH levels during the growth hormone stimulation

test (GHST) than their White counterparts. At diagnosis,

females with idiopathic GHD were significantly shorter than

males (-3.9 ± 1.3 SD versus -3.3 ± 1.4 SD, respectively). The

KIGS worldwide registry (Pfizer International Growth Database)

gathered data from 1987-2012 and included over 80,000 children

with SS; of those evaluated and treated for GHD, 70% were

White, 14.4% were East Asian, 1.1% were Black, and 2.4% were

Hispanic, with a higher frequency of males in total (70.1% males

versus 29.9% females) (41). Studies have reported that male

White children and children from higher annual family income

and parental education were more likely to be evaluated for SS,

and be diagnosed and treated for GHD (33, 43). In one study,

91% of the families presenting for evaluation of their child’s SS

were White and 5% were Black, yet the regional population is

72% White and 25% Black; in addition, 49% of the presenting

families had annual incomes ≥ $50,000 however only 23% of

families in the county had this level of income (33).

Compared to females, males are more likely to be screened

for GHD by PCPs (44). White male children are referred more

often for SS evaluation when compared to minority groups and

females (37). As part of the evaluation for SS, Pediatric

Endocrinologist may perform a GHST. This test is performed

after an overnight fast and involves administering provocative

agents (clonidine, arginine, glucagon, insulin) and obtaining

serial GH concentrations. Disparities are seen with GHST,

with more White males proceeding with the test than minority

groups and females (37). These studies also highlight the high

proportion of females not being assessed for SS; this is distressing

as SS can be the only physical examination finding in patients

with Turner Syndrome (38, 39, 42, 44, 45). Grimberg et al.

reported a higher rate of pathological/organic causes of SS in
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females in their evaluation, even when excluding Turner

Syndrome as a cause (32).
Proposed interventions

Over the years, multiple authors have highlighted these

health disparities and proposed different interventions to

reduce and eventually eliminate disparities in healthcare. The

underrepresentation of minority children and females being

evaluated and treated for short stature due to GHD is striking

and demands attention.

We propose the following interventions to address the

aforementioned issues, focusing on pediatric GHD Figure 1.
• EDUCATE FAMILIES REGARDING THE IMPORTANCE

OF HEALTH MAINTENANCE VISITS FOR CHILDREN

o The recommended schedule for health maintenance visits

is at the first week of life, 1 month, 2 months, 4 months,

6 months, 9 months, 12 months, 15 months, 18 months,

24 months, 30 months, 3 years, and annually thereafter.

o Families should be educated about the importance of

scheduling and attending the health maintenance visits.

• DEMAND KNOWLEDGE OF GROWTH PARAMETERS

LONGITUDINALLY

o At every visit with the PCP, families should receive

information about their child’s growth parameters –

both the absolute measurements and the percentiles

for age and sex.

•WHEN GROWTH PATTERNS DEVIATE, STRESS THE

IMPORTANCE OF EVALUATION

o When growth patterns deviate, evaluation is crucial to

distinguish between normal variants of growth such as

constitutional delay of growth, conditions unrelated to

hormonal causes such as poor nutrition or celiac disease,

and endocrinopathies such as GHD.

• EDUCATE COMMUNITY PROVIDERS REGARDING

APPROPRIATE EVALUATION AND REFERRAL OF

CHILDREN WITH CONCERNS FOR GHD

o The decision to refer a child for an evaluation for

endocrine causes of SS should be standardized. The

American Academy of Pediatrics (AAP) recommends

monitoring growth parameters (height and weight) at

each health maintenance visit as an effective general

health and well-being assessment method.

o Correct height measurement techniques must be

implemented to prevent growth failure from being

unrecognized or misdiagnosed (46). All health care

team members responsible for obtaining height

measurements should receive training on proper

technique and equipment.
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o When children exhibit abnormal growth patterns, PCPs

must perform a proper diagnostic evaluation that may

include referral to a Pediatric Endocrinologist.

o The PCP’s decision to pursue evaluation of SS should be

irrespective of a child’s gender or race.
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• EDUCATE PARENTS ANDCAREGIVERS REGARDING

GHD, ITS COMPLICATIONS, AND TREATMENT

OPTIONS

o Parental education should focus on complications

associated with childhood GHD, including the impact
TABLE 1 Gender and Racial disparities in the diagnosis and treatment of Growth Hormone Deficiency.

Table 1A
Paper M:F % referral M:F height z-score at time of referral

Hawkes et al. (37) 61/39

Kamoun et al. (38) 65/35 -1.8/-2.0

Grimberg et al. (32) 65/35 -1.9/-2.4

Tanaka et al. (39) 61.3/38.7 -2.47/-2.52

Table 1B

Paper W:B % referrals

Hawkes et al. (37) 79/11

Kamoun et al. (38) 90/10

Table 1C

Paper M:F %, underwent
GHST to diagnose
IGHD

M:F %,
diagnosed
with IGHD

M:F %,
received
GH
treatment
for all GH
indications

M:F %, received
GH treatment for
IGHD

M:F %, received
GH treatment
for ISS

M:F baseline height z-score, received GH treatment for IGHD

Grimberg
et al. (34)

63/37

August
et al. (40)

70.5/29.5 71.6/28.4 -3.3/-3.9

Ranke
et al. (41)

67/33 70/30 71/29 -2.84/-3.22

Kamoun
et al. (38)

70/30 70/30 -2.2/-2.5

Hughes
et al. (42)

64/36 62/38 66/34 -2.092/-1.6

Tanaka
et al. (39)

45.7/49.8 61.4/38.6

Table 1D

Paper W:B %, underwent
GHST to diagnose
IGHD

W:B %, received
GH treatment for
all GH indications

W:B %, received GH
treatment for IGHD

W:B %, received
GH treatment
for ISS

W:B, baseline height z-
score, received GH
treatment for IGHD

W:B, Maximal GH peak in ng/mL
on GHST, received GH treatment
for IGHD

Grimberg
et al. (34)

83/4 84/3 85/3 -2.6/-3.0 6.0/4.9

August
et al. (40)

87.8/6.0 -3.4/-4.1 3.5/2.8

Hawkes
et al. (37)

84/9 83/10 -2.3/-2.5 7.2/4.7
A- Percentage of females (F) and males (M) referred to Pediatric Endocrinology for short stature assessment with their corresponding initial height z-scores. B- Percentage of White (W) and
Black (B) children referred to Pediatric Endocrinology for short stature assessment. C- Percentage of females (F) and males (M) assessed and treated for Growth Hormone Deficiency with
their corresponding initial height z-scores. D- Percentage of White (W) and Black (B) children assessed and treated for Growth Hormone Deficiency with their corresponding initial height
z-scores and Growth Hormone peak during the Growth Hormone Stimulation Test (GHST).
- IGHD, Idiopathic Growth Hormone Deficiency.
- GH, Growth Hormone.
- GHST, Growth Hormone Stimulation Test.
- ISS, Idiopathic Short Stature.
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on bone health, lipid profile, psychosocial state, and

well-being.

o The indications for recommending GHST should be

clearly explained to families and all questions should

be addressed to limit concerns.

o Parents may have misconceptions regarding the safety of

recombinant human GH. The medication has been

historically associated with Creutzfeldt-Jakob disease

linked to contaminated human GH obtained from the

cadaveric human pituitary gland. Cases of Creutzfeldt-

Jakob disease associated with GH treatment are no

longer a concern since the transition to recombinant

human GH (rhGH) in 1985 (47).

o Families may be hesitant to start the medication for fear

of daily injections. However, weekly rhGH is available

and FDA approved to be used in the pediatric

population.

• EDUCATE PEDIATRIC ENDOCRINOLOGISTS WITH

LATEST GHD RESEARCH AND TREATMENT

OPTIONS

o Pediatric Endocrinologists should be knowledgeable

about the latest GHD research and treatment options.

o Pediatric Endocrinologists should also be knowledgeable

in how to administer rhGH to appropriately address

patients’ and families’ questions or troubleshoot issues

with administration.
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• ADDRESSING THE DISPARITIES OBSERVED IN

GHST WHEN CLINICALLY INDICATED

o GHST should be offered to all children in whom GHD is

suspected, regardless of race, ethnicity, or gender.

o The decision to undergo GHST should not be influenced

by parental perceptions of height outcomes in males

versus females. Providers should stress the indications

for GHST and the importance of treatment of GHD not

just for height attainment.

o Provider bias, if present, should be recognized and should

not interfere with the recommendation of GHST if

clinically warranted.

o Pediatric Endocrinologists should strive to identify their

own potential biases and barriers to offering and

providing equal care to males and females, regardless

of race, ethnicity, and SES.

• EVALUATION WITH MRI

o After the clinical and biochemical diagnosis of GHD is

made, obtaining magnetic resonance imaging (MRI) is

recommended to evaluate the hypothalamic pituitary

region. It can identify pituitary abnormalities such as

anterior pituitary hypoplasia, posterior pituitary ectopia,

and pituitary stalk agenesis. MRI can also exclude the

presence of a pituitary tumor.

o The role of MRI should be clearly explained to the family

and recommended to all patients if indicated.
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• GH TREATMENT INITIATION

o GH therapy should be offered equally to all patients who

meet the diagnostic criteria for GHD.

• SUPPORT DURING GH TREATMENT

o Promoting inclusivity amongst families with children

with GHD is encouraged. Connecting families with a

new diagnosis of GHD with families who are actively

receiving or who have completed treatment with rhGH

to establish/promote more community support may

ease the caregivers’ concerns.

o If there are financial or social barriers to initiating GH

treatment, the Pediatric Endocrinology office should

have effective intervention options in place, such as

social workers available to identify resources to help

mitigate these concerns.

• MONITORING OUTCOMES DURING AND AFTER

GH TREATMENT

o Follow-up visits in the office are typically every three

months for close monitoring of height, side effects, and

dose adjustments. Efforts should be made to support

patients and caregivers for them to be able to attend

these visits in the form of appointment availability and

flexibility.

o When GH treatment is discontinued, patients and

families should continue to follow up at the Pediatric

Endocrinology office.

• PROMOTE DIVERSITY OF THE HEALTH CARE

TEAM

o Efforts must be made to increase diversity in the health

care team – in ethnicity, race, and gender.
Discussion

Health care disparities have been a subject of discussion for

decades however we have yet to find the best way to address

this ongoing concern. Culturally competent, equitable care that

is sensitive to patients’ needs should be the priority. The

patients’ health literacy and cultural beliefs should be

considered when discussing these matters with the families

(7). Well-meaning providers may have implicit biases that may

impact their decision when referring children for SS evaluation,

proceeding with GHST, and ensuring appropriate treatment

and follow-up for different patient populations. Providers’

unintentional more positive attitudes towards White patients

and negative attitudes towards ethnically and racially diverse

groups can impact patient care (48, 49). Many have postulated
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that racial diversity in the medical field is an essential step in

addressing racial disparities. Healthcare providers need to

examine their own practices to ensure elimination of

unconsc ious or over t b i ases tha t can perpe tua te

microaggression in the patient-provider relationship. It is

imperative that providers address structural racism and its

role in perpetuating health disparities (22).

Hea l th care d i spar i t i e s have s ign ificant ly and

disproportionally impacted minority populations. This is seen

in various areas of health care, but the conclusion remains

unchanged, with underrepresented groups having worse

outcomes. Different solutions have been postulated – this

includes educating caregivers, improving the social

determinants of health of patients, educating, and diversifying

healthcare providers, and addressing and alleviating implicit and

explicit bias in healthcare providers. In the field of pediatric

endocrinology, we propose steps to advance equity in the

evaluation, diagnosis, and treatment of children for GHD. A

multidisciplinary approach is needed to minimize implicit or

explicit bias, to encourage collaboration between members

participating in patient care, and to support families through

the treatment of GHD.
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