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Abstract

The implementation of high-throughput and deep sequencing methods in routine genetic 
diagnostics has significantly improved the diagnostic yield in patient cohorts with growth 
disturbances and becomes increasingly important as the prerequisite of personalized 
medicine. They provide considerable chances to identify even rare and unexpected 
situations; nevertheless, we must be aware of their limitations. A simple genetic test in 
the beginning of a testing cascade might also help to identify the genetic cause of specific 
growth disorders. However, the clinical picture of genetically caused growth disturbance 
phenotypes can vary widely, and there is a broad clinical overlap between different growth 
disturbance disorders. As a consequence, the clinical diagnosis and therewith connected 
the decision on the appropriate genetic test is often a challenge. In fact, the clinician 
asking for genetic testing has to weigh different aspects in this decision process, including 
appropriateness (single gene test, stepwise procedure, comprehensive testing), turnaround 
time as the basis for rapid intervention, and economic considerations. Therefore, a 
frequent question in that context is ‘what to test when’. In this review, we aim to review 
genetic testing strategies and their strengths and limitations and to raise awareness for the 
future implementation of interdisciplinary genome medicine in diagnoses, treatment, and 
counselling of growth disturbances.
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Introduction

Human growth is a complex physiological process, driven 
by the orchestrated expression of multiple genes and 
systems to control cell proliferation, cell hypertrophy, 
and extracellular matrix production, and be responsible 
for growth plate matrix production and growth plate 
chondrogenesis. It has a high degree of heritability based 
on common variants in genes implicated in different 
growth-associated pathways (1).

Growth disorders can be the result of non-genetic 
secondary factors, such as nutrition, chronic systemic 
disorders, and psychosocial deprivation, but in privileged 
countries, most forms of short and tall stature have 
probably an underlying primary genetic cause. They can 
be clinically divided into non-syndromic and syndromic 
disorders. In the case of syndromic disorders, complex 
symptoms in addition to growth disorders are observed. 
For a deeper understanding of the molecular mechanisms, 
the classification according to the underlying cause of a 
growth disorder is particularly important.

Multiple genetic anomalies are associated with short 
and tall stature and range from chromosomal variants to 
single bp changes and imprinting defects. Patients with 
large chromosomal variants (numerical chromosomal 
aberrations, (sub)microscopic copy number variants of 
several kb) most often have multiple comorbidities and 
associated features, since more than one gene is affected 
by the genetic alteration. Nevertheless, these syndromic 
growth disturbances can also occur in monogenetic 
disorders, depending on the physiological function of the 
disease-causing gene. Examples are the short stature KBG 
syndrome (OMIM 148050) based on ANKRD11 variants 
(Table 1: case 1) and the Sotos overgrowth syndrome 
caused by NSD1 variants. Altered growth can also be the 
only or major clinical sign, which is commonly associated 
with single gene variants. Variants in genes encoding 
members of the hypothalamo–pituitary axis were the 
first pathogenic changes which were identified to be 
responsible for growth retardation, but recently other 
monogenetic causes have also been considered as causative 
for idiopathic short stature (ISS), e.g. mutations in SHOX 
or ACAN (for reviews see 1, 2). Tall stature can also be 
caused by single gene variants like in NPR2 or NPR3 (3, 4, 
5). However, the transition between syndromic and non-
syndromic growth disturbances is not clearly defined: even 
in families with the same genetic variant, the phenotype 
can vary considerably, as is, for example, shown for 
CDKN1C variants in families with Beckwith–Wiedemann 
syndrome (BWS) (6). The clinical spectrum and severity 

of phenotypic changes due to mutations within the same 
gene are influenced by their localization in the functional 
domains of the encoded protein, the type of the variant, 
the zygosity status, the imprinting status/the sex of the 
contributing parent, and modifying factors.

There is an increasing demand for precise molecular 
diagnosis as the basis for targeted clinical management, 
ranging from prognosis, monitoring of growth, the 
identification of disease-specific comorbidities, and 
the selection of the best treatment option. Advanced 
molecular technologies have exponentially increased 
our understanding of the underlying causes of short 
stature, but despite established clinical diagnostic and 
management recommendations, the decision on the 
molecular testing strategy in patients with growth 
disturbances can be a challenge in daily practice. In the 
past, molecular testing was hampered by limitations with 
respect to scope, availability, turnaround time, and costs. 
The continuing implementation of high-throughput next-
generation sequencing (NGS) approaches (i.e. targeted 
NGS panels, whole exome sequencing (WES)) in routine 
genetic diagnostics of patients with growth disturbances 
is continuously increasing, which is reflected by the rising 
number of publications from 4 papers in 2011 to 76 in 2021 
(https://pubmed.ncbi.nlm.nih.gov/, search terms ‘whole 
exome sequencing’, ‘diagnostic’, and ‘stature’). Accordingly, 
the diagnostic yield is permanently increasing (e.g. 7, 8, 9, 
10, 11, 12, 13, 14), and NGS makes rapid diagnosis in acutely 
ill children with unclear diagnosis possible (15). The next 
step is the diagnostic use of whole genome sequencing 
(WGS), as it allows a more comprehensive view of our 
genome, and its feasibility has already been demonstrated 
(see below) (16, 17).

In everyday clinical practice, the question of the 
appropriateness of a genetic test continues to be addressed, 
and both the clinician and the geneticist must weigh 
the arguments for and against a genetic test based on the 
patient’s interest and the public health issues (‘when to 
test what’). In this review, we illustrate the power of current 
and future comprehensive molecular genetic strategies for 
an accurate and personalized diagnosis and assess their 
appropriate use.

Clinical evaluation

Clinical evaluation of a child with a suspected growth 
disorder starts with a thorough past and current medical 
history including the family and social history, physical 
examination including anthropometric measurements, 
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and reconstruction of the child’s growth curve. Once 
these data are analyzed and there is clinical suspicion of 
a growth disorder, the next steps include radiological and 
laboratory screening analyses to investigate secondary 
growth disorders and karyotyping or microarray analysis, 
e.g. in girls with growth failure to investigate Turner 
syndrome (Fig. 1). Numerous studies have published 
guidelines with stepwise diagnostic approaches to a child 
with a suspected growth disorder (10, 18, 19, 20, 21, 22). If 
radiologic and clinical examinations suggest an endocrine 
cause of the growth disturbance, growth hormone 
stimulation tests (GHSTs), serum insulin-like growth 
factor (IGF1), and sometimes an IGF1 generation test are 
used to investigate the growth hormone (GH)–IGF1 axis 
in more detail in patients with short stature (including 
in some cases IGF-BP3 and IGF-ALS measurements) and/
or growth failure, and clinical and biochemical signs 
that raise suspicion for a GH–IGF1 axis disorder (23, 24). 
Interpretation of these endocrine test results remains 
challenging. Several publications have discussed cut-off 
IGF1 levels and cut-off peak GH levels during GHSTs to aid 
in predicting the likelihood of GH deficiency (GHD), the 
high rate of false positive tests in short children, and the 
lack of reproducibility of these tests (18, 19, 24, 25, 26). 
Children with short stature and no connective tissue defect 
likely have a continuum of GH–IGF1 axis defects (19, 27). 
Where the extreme forms of GHD and GH insensitivity are 
easily recognized, the milder forms are often challenging 
to diagnose especially in the light of the flaws/setbacks of 
endocrine testing. 

Part of the clinical examination is to describe the 
phenotype of a patient who presents with a growth 
disorder. Clinical scoring systems can guide physicians 
in their decision if genetic testing is indicated. Examples 
of clinical scoring systems are the Netchine-Harbison 
system for Silver–Russell syndrome (SRS) (28), the scoring 
system for IGF1R mutations (29), the revised Ghent criteria 
for Marfan syndrome (30), and a clinical score for Sotos 
syndrome (31). Features can sometimes be recognized 
as part of a well-known genetic syndrome. More often 
the disorder is not easily recognizable due to the rarity 
of the disorder, variability in phenotype, or only minor 
dysmorphic features (32). Advances in artificial intelligence 
and deep-learning algorithms have led to the development 
of tools and exchange platforms like Face2Gene (https://
www.face2gene.com) and GestaltMatcher DB (https://
db.gestaltmatcher.org/) as an aid to help clinicians to 
recognize syndromes based on facial morphologic features 
(33, 34) (Fig. 2).

Currently applied molecular 
diagnostic methods

The benefit of genome medicine as the personalized 
therapeutic regime based on the genetic constitution of 
a patient leads to increasing demand for comprehensive 
genetic tests in pediatrics. Therefore, genetic tests help 
to refine a clinical diagnosis and to guide therapeutic 
approaches (Fig. 1), both in terms of the selection of the 
best treatment option and also in the decision of avoiding 
certain treatments (case 2: Bloom from 35). Furthermore, 
the molecular diagnosis is of significant value for genetic 
and reproductive counselling, as it contributes to precise 
information on the chance of recurrence in the family, and 
thereby supports the patient and his/her family in their 
self-determined process towards their decision on family 
planning (36, 37), including the option of prenatal testing.

Though we have entered the era of genome medicine 
with the chance to identify extremely rare molecular 
alterations in the whole genome, targeted assays and 
stepwise diagnostic algorithms should be considered 
as first-line tests in case of clinical features known to be 
associated with specific molecular alterations (Fig. 2 and 
Table 2).

Dependent on the spectrum of molecular changes 
in congenital disorders associated with single gene 
alterations, the appropriate methodology has to be chosen 
to ensure the reliable detection of the disease-causing 
variant: single nucleotide variants (SNVs) are commonly 
addressed by (Sanger) sequencing approaches, but this 
method fails to detect larger structural genomic variants, 
copy number variants (CNVs: deletions, duplications), 
or balanced rearrangements. The appropriateness of tests 
to target CNVs is influenced by the size of the expected 
genomic imbalance. Whereas single exon deletions or 
duplications can be analyzed in a routine genetic setting by 
multiplex ligation-dependent probe amplification (MLPA) 
or other techniques, larger CNVs are commonly addressed 
by cytogenomic techniques, i.e. microarray-based tests 
(SNP array or CGH array). However, balanced chromosomal 
rearrangements without any gain or loss of genetic material 
but with position effects are not detectable by these 
quantitative assays. Classically conventional chromosomal 
analysis and fluorescence in-situ hybridization (FISH) have 
been applied to encompass this group of mutations, but 
they are limited due to their low resolution of hundreds 
of kilobases (FISH) to megabases (chromosomal analysis). 
For genetic diagnostic testing of patients with growth 
disturbances, methylation at imprinted loci has to be 

This work is licensed under a Creative Commons 
Attribution-NonCommercial 4.0 International License.https://doi.org/10.1530/EC-22-0277

https://ec.bioscientifica.com © 2022 The authors
Published by Bioscientifica Ltd

https://www.face2gene.com
https://www.face2gene.com
https://db.gestaltmatcher.org/
https://db.gestaltmatcher.org/
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/10.1530/EC-22-0277
https://ec.bioscientifica.com


D C M van der Kaay, 
A Rochtus et al.

e22027711:11

addressed as aberrant imprinting marks significantly 
contribute to the etiology of imprinting disorders (e.g. 
SRS and BWS). Meanwhile, methylation-specific MLPA is 
widely accepted as a diagnostic tool for these molecular 
changes (Table 2).

The advantage of these single locus approaches is that 
they are often based on low-cost technologies, and the 
majority are fast and specific for a one or a small number 
of genetic loci or variants. However, this restriction to 
single genes and/or molecular variants is obviously the 
major limitation of single locus testing, in particular in 
the heterogeneous group of growth disturbances. In the 

‘pre-NGS era’, patients with a presumed genetic diagnosis 
were, therefore, labor- and cost-intensive as well as time-
consuming, in case the molecular cause was not identified 
at the beginning of the testing cascade. Many patients 
were left without a molecular diagnosis, with a long 
diagnostic odyssey accompanied by inappropriate clinical 
management and counseling (Table 1: cases 1, 3, 4).

With the development of NGS-based assays and 
their implementation in human genetic diagnostic 
settings, this major disadvantage of single locus testing 
is circumvented since a bundle of genes up to the whole 
genome can be analyzed in the same run now. In routine 

Figure 1
Diagnostic genetic testing algorithm for patients with growth disturbances. In case of non-syndromic disorders, specific molecular alterations addressed 
by single locus or methylation tests as well as chromosomal disturbances are not expected; therefore, a panel of genes involved in isolated growth might 
be suitable to be screened. 1Gene panel: targeted analysis of specific genes, either based on a targeted enrichment or a targeted bioinformatics analysis 
of whole exome/genome data. The choice of genes might be leaned on https://panelapp.genomicsengland.co.uk/panels. 2Decision on first-line test 
depends on the clinical phenotype of the patient, consensus guidelines, and on national regulations. For some disorders and phenotypes, targeted tests 
might be preferred; for some clinical indications (e.g. relatively non-specific growth disturbance, dysmorphisms, developmental delay), tests targeting the 
whole genome by cytogenomic tests or even WES or WGS might be suitable. Family history (more than one affected individual) should also be 
considered. 3In case of a positive result of a first-line test, additional genetic tests might be required to confirm the first result, to characterize it more 
precisely, or to determine its inheritance as the basis for an adequate genetic counselling. 4Depending on the disorder, national regulations, and clinical 
consensus guidelines, positive reports may also include recommendations for further action such as clinical management and counseling. In general, 
laboratory reports have to follow international standards (i.e. DIN ISO EN 15189).
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diagnostics, different NGS-based diagnostic strategies have 
been validated and implemented. In fact, exome or even 
genome-wide approaches appear to be the most efficient 
and promising assays, the complementary use with long 
read assays or optical genome mapping will ensure a 
comprehensive identification of disease-causing molecular 
alterations.

Typical examples for single locus analysis by Sanger 
sequencing or methylation testing are Léri–Weill syndrome 
caused by SHOX mutations or BWS and SRS linked to 
imprinting defects on chromosome 11p15, respectively. 
On the other hand, the phenotypic outcome of these 
molecular changes is very broad, even contributing to 
non-syndromic growth retardation in case of SHOX (38) or 
rather unspecific phenotypes in case of 11p15 imprinting 
defects (39).

Thus today, clinicians can either order targeted single 
locus tests (e.g. SHOX), or cytogenomic tests to identify 
chromosomal alterations (see Table 2; e.g. in patients 
suspicious for Turner or Klinefelter syndrome) in case of 
patients with specific features. When these genetic tests 
come back negative, exome or genome-wide analyses can 
be conducted (WES, WGS) (Fig. 1).

A major challenge for all diagnostic tests is mosaicism, 
i.e. the occurrence of two or more genetically different 

sets of cells. Mosaic mutations mostly originate from 
postzygotic errors after fertilization; therefore, they are 
not inherited. The severity of clinical symptoms depends 
on the time of the mutation event and can affect only 
specific tissues and sides of the body. Mosaicism, therefore, 
additionally contributes to clinical heterogeneity and 
is a diagnostic challenge requiring (ultradeep) targeted 
molecular analysis and testing of different tissues as 
shown for PIK3CA-associated overgrowth (40). In fact, the 
recent development of targeted therapies in the PIK3CA 
overgrowth illustrates the urgent need for precise molecular 
diagnosis and the power of precision medicine (41).

Use of NGS-based techniques in routine 
diagnostics: chances and challenges

WES or (in the future) WGS testing should be carefully 
considered and ordered after consultation with clinical 
geneticists, as chances and challenges of uncertain or 
unexpected findings from genome-wide tests have to be 
considered in decision-making. On the other hand, the 
diagnostic value of WES/WGS is without question as it 
has contributed to a significant increase in diagnostic 
yield in a broad spectrum of pediatric disorders (see the 

Figure 2
Interdisciplinary and integrative decision strategy to improve diagnostics and management of patients with growth disorders. (American College of 
Medical Genetics (ACMG) criteria to standardize the pathogeneity of human genetic variants (44); Human Genome Variation Society (HGVS) recommends 
a standardized nomenclature of genetic variants (https://varnomen.hgvs.org/), variant of uncertain significance (VUS), human phenotype ontology (HPO; 
https://hpo.jax.org/app/), European reference network (ERN), and Clinical Patient Management System (CPMS) used by the ERNs).
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‘Introduction’ section). Additional improvements can be 
expected by further progress and integration of methods, 
bioinformatics pipelines for lab data analyses, databases, 
and exchange platforms (Fig. 2).

The classification of the pathogenicity of a genetic 
variant is a major challenge nowadays, and the evaluation 
by clinical laboratory geneticists requires all information 
available from databases, literature, clinical data, and family 
history (Fig. 2). Standardization of the genetic and clinical 
classification is another important prerequisite to allow 
the exchange between clinicians and labs and to submit 
cases to public exchange platforms in order to further 
improve and enlarge clinical genetic databases as the basis 
for knowledge exchange, training, and future guidelines. 
In this context, the standardized coding of clinical 
diagnoses, e.g. as human phenotype ontology (HPO) 
terms, is becoming increasingly important for the basis 
for submission to databases and bioinformatic algorithm. 
All these activities significantly improve the diagnostic 
algorithms, even retrospectively by recall evaluation (Table 
1: case 1) for the benefit of the patients and their families. 
Last but not least, these data compilations and exchanges 
have to consider ethical and privacy protection issues, 
in close collaboration with patient support groups and 
advocacies (e.g. in networks like ERNs).

Apart from financial considerations which might 
argue for a stepwise testing, clinicians ordering genetic 
tests as well as the laboratory geneticists themselves 
should keep in mind two further challenging unintended 
findings which can be obtained by NGS-based tests, i.e. 
variants of uncertain clinical significance (VUS) and 
incidental findings. The chance to detect these types of 
variants increases with the scale of genetic tests (Table 2), 
as impressively illustrated for genetic testing in hereditary 
breast cancer (42, 43).

Both VUS and incidental findings have the potential 
to create confusion for patients and their families, as well 
as for clinicians. VUS represent genetic variants for which 
the association with a disease is unclear at the time of their 
classification (44). In 2016, it has been estimated that up 
to 40% of genetic variants identified by NGS testing were 
classified as VUS (45), and the reason for the challenge to 
classify a variant as (likely) pathogenic or (likely) benign 
is that none or only scarce information is documented at 
the time of testing. A major task in translational medicine 
is therefore the documentation of all acquired information 
of a variant in public databases, and in combination with 
permanently improving bioinformatics and self-learning 
algorithms, the ratio of VUS among newly detected 
variants will decrease in the future.

There are contradictory arguments for and against 
reporting of VUS to clinicians and families: only VUS in 
disease-associated genes should be reported (46), and in 
diagnostic context, analysis should be focused on risk 
genes for the clinical diagnosis the test has been asked 
for. Except for some common genetic disorders, a periodic 
reevaluation of the pathogenicity of VUS is currently not 
available. Therefore, a recall after 2 or 3 years should be 
offered in the report (Fig. 1) (47), as the rationale for this 
procedure has been corroborated by numerous examples 
(e.g. (43), Table 1 – case 1 (48)).

The second challenge in NGS-based diagnostics is the 
identification and particularly the reporting of incidental 
findings (also called unsolicited findings), meaning 
pathogenic variants that are unrelated to the initial clinical 
questions but of clinical relevance. They differ from so-called 
‘secondary findings’ which are pathogenic variants in genes 
not related to the original clinical diagnosis but actively 
looked for. As a growing number of genes is reported for 
which individuals carrying pathogenic variants remain 
without symptoms for several years, but preventive 
therapies exist, the American College of Medical Genetics 
has suggested a list of so-called ‘medically actionable 
genes’ (49). Numerous studies and suggestions have been 
published about the pros and cons of reporting incidental 
as well as secondary findings, and discussions are ongoing 
with variations in international policy documents (e.g. 
(50)). The healthcare providers involved in genetic testing 
should be aware of these discussions and the national rules 
and reporting practices. In particular, the information 
and permission of the patients and their families prior to 
diagnostic testing in respect to the handling of incidental 
findings must be considered. Therefore, addressing ethical 
and privacy issues is a major task in this context.

In addition to its suitability to analyze a huge number 
of disease-associated genes in parallel and its sensitivity to 
detect low-level mosaicism, a further advantage of WES and 
WGS techniques is the chance to identify rare, unexpected, 
and even new variants and genes. New monogenic 
growth disorders are constantly being diagnosed via both 
WES and WGS, whose disease value can also be proven 
because it is possible to bring together patients with rare 
and ultra-rare genetic disorders via exchange platforms 
such as Match-Maker and GeneMatcher. Thereby, these 
techniques as well as additional new methods (Table 2) 
have the potential to further increase detection rates as 
the basis of knowledge-driven personalized medicine. A 
prerequisite to reach the best benefit with omic result is 
their integrative analysis and interpretation, as well as 
submission to databases and registries (Fig. 2). With the 
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implementation of molecular and phenotype-driven 
exchange (self-learning) platforms in the processing of 
variant evaluation, the pathogenicity of variants may 
become more precisely and thus contribute to a better 
understanding of their pathoetiology and to a better 
personalized patient management.

Personalized management from a 
clinician standpoint

The rapidly expanding possibilities of genetic testing 
challenge the clinician to choose the appropriate test in 
daily practice. After ruling out a secondary growth disorder, 
the clinician will have to decide what to do next. First, the 
decision must be made whether or not there is suspicion 
of a primary growth disorder. We should be aware to avoid 
medicalization of children who are not severely short or tall 
and do not have other clues that point toward a syndromic 
or monogenic disorder. If there are clues for a primary 
growth disorder or a genetic disorder associated with short 
or tall stature, a stepwise approach as highlighted in Fig. 1 
can be of help.

Short stature after being born SGA and ISS are not clinical 
diagnoses, but definitions based on anthropometric data. 
The pretest likelihood of finding a genetic disorder in short 
SGA children is relatively high (approximately 30–40%), 
especially in case of additional features such as micro- or 
macrocephaly, dysmorphic features, developmental delay, 
and severe short stature (<−3 SDS) (19). It is also important 
to consider genetic testing in these children to search for 
contra-indications for GH treatment, such as chromosomal 
breakage disorders (Table 1, case 3). A short child born SGA 
who develops elevated IGF1 levels during GH treatment, or 
who does not demonstrate catch-up growth, also warrants 
genetic investigation.

Genetic testing can guide therapeutic management. 
The indications for GH treatment have expanded, e.g. for 
short children due to NPR2 and ACAN gene variants (51, 
52, 53). However, also children with rare syndromes and 
severe short stature such as Wiedemann–Steiner syndrome, 
Okur–Chung syndrome, 18q deletion syndrome, and 
Aarskog syndrome can be offered a trial with GH treatment 
in various countries (54, 55, 56). Furthermore, genetic 
disorders such as SHOX, ACAN, NPR2, and IGF1R gene 
variants require higher doses of GH.

Sometimes a genetic diagnosis can identify potential 
future medical conditions that warrant follow-up and/or 
treatment, e.g. tumor predisposition in specific overgrowth 
syndromes.

Collaboration with or referral to a clinical geneticist 
or pediatric endocrinologist is advised. In specialized 
centers for rare growth disorders, one might benefit from 
a joint clinic of a pediatric endocrinologist and clinical 
geneticist (23). Thus, personalized medicine becomes a 
guidance for clinical evaluation, molecular evaluation, 
and therapy.

Perspective I: future diagnostic strategies

Though the era of genome medicine has already started, 
future genome analysis needs further embedding in 
integrated and multidisciplinary approaches which 
consider all available laboratory and clinical data (Fig. 2). 
These ‘big data’ bear the potential for a personal and more 
precise medicine. The accumulation of these data may help 
to identify the progression from health to disease, helping 
to uncover preventable disease risk factors and allowing 
more precision diagnostic and prognostic information. 
Furthermore, it could be the basis for personalized 
treatment. At the population level, big data may help to 
integrate multiple social and environmental risk factors.

However, despite these enthusiastic future perspectives, 
the advantages and disadvantages of the new methods and 
their potential have to be carefully evaluated with respect 
to both individual and public health issues (57, 58).

As in the recent years has been shown, the power 
of NGS based assays lies in the chance to shorten and 
even avoid diagnostic odysseys (examples in Table 1), 
and thereby to allow a targeted clinical management as  
early as possible. Particularly, in acutely ill neonates 
and children, ‘rapid’ NGS approaches are promising 
prerequisites for customized acute therapeutic regimes and 
are in the process to be implemented in clinical settings 
(for review see 15).

Perspective II: relevance for transition from 
child to adult care – long-term studies

Children with short stature as part of rare genetic syndromes 
often have multiple medical problems. Due to improved 
multidisciplinary care during childhood, life expectancy 
has increased, and transition to specialized adult care is 
needed for future care into adulthood. For many of the 
growth disorders, there is limited knowledge about their 
natural history, development of comorbidities, and best 
overall management. A multidisciplinary approach with a 
clinical algorithm was recently published (59). This can be 
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improved by centralized care, registries, or collaborations 
in networks such as the ERN-Endo.

Experiences with the application of recombinant 
human growth hormone (rhGH) for the treatment of GHD 
are available for almost 4 decades (60). The indications for 
GH treatment in non-GH-deficient children are expanding 
and often require higher doses of GH to induce catch-up 
growth, e.g. in short children due to SHOX gene variations.

Long-term safety of rhGH treatment has been 
investigated in GHD patients, short children born SGA, 
and patients with ISS (61, 62). No overall increased 
mortality risk was observed in patients without an 
underlying diagnosis that is associated with increased 
mortality (idiopathic GHD or ISS). In patients with an a 
priori increased risk of mortality due to the underlying 
diagnosis, no association was found between the increased 
risk of mortality and daily or cumulative GH dose which 
probably indicates there is no effect of GH treatment on 
mortality risk (61). GH treatment in children with short 
stature due to GHD, being born SGA, or ISS was associated 
with a small but increased risk of cardiovascular disease, 
especially in girls and short children born SGA (62). Being 
born SGA in itself is associated with an increased risk of 
cardiovascular disease (63).

Long-acting GH (LAGH) analogs are currently being 
marketed in the United States, Europe, and Asia for children 
and adults with GHD. Studies to investigate the efficacy and 
safety of LAGH for other indications are being executed. 
Possible safety concerns include metabolic effects related to 
the non-physiological profile of serum GH and IGF1 levels 
during treatment (64). Ongoing surveillance of patients 
who were treated with GH as a child is necessary since 
studies so far were performed in relatively young adults 
(<40 years of age). The international registry project GloBE-
Reg (www.GloBE-Reg.net) develops a newly developed 
platform to support long-term follow-up registry-based 
studies. 

Conclusions

The implementation of high-throughput and deep 
sequencing methods in routine genetic diagnostics 
has significantly improved the diagnostic yield in 
patient cohorts with growth disturbances and becomes 
increasingly important as the prerequisite of a personalized 
medicine. They provide considerable chances to identify 
even rare and unexpected situations; nevertheless, we have 
to be aware of their limitations and that simple genetic 
tests in the beginning of a testing cascade might also help 

to identify the genetic cause of specific growth disorders. 
Existing and future networks like the ENDO-ERN will 
further improve the consenting on testing strategies as well 
as their standardization.

The clinician asking for genetic testing has to weigh 
manifold aspects in this decision process, including 
appropriateness (single gene test, stepwise procedure, 
comprehensive testing), turnaround time as the basis 
for a rapid intervention, and economic considerations. 
The future will see further increasing implementation 
of interdisciplinary genome medicine in diagnoses, 
treatment, and counselling of growth disturbances, with 
the maximum benefit for the patient and his family.

Declaration of interest
The authors declare that there is no conflict of interest that could be 
perceived as prejudicing the impartiality of this review.

Funding
The authors are members of the European Reference Network on Rare 
Endocrine Conditions (https://endo-ern.eu/). Endo-ERN is a European 
Reference Network co-funded by the European Union’s 3rd Health 
Programme (CHAFEA FPA grant No 739527). T E is supported by the 
Deutsche Forschungsgemeinschaft (DFG, EG115/13-1). This publication has 
been supported by Endo-ERN, which is co-funded by the European Union’s 
3rd Health Programme (CHAFEA Framework Partnership Agreement No. 
739527).

Author contribution statement
D K, A R and T E have drafted the paper. G B, I K, I N, G J, A H-K and M E 
have contributed specific aspects to the content, according to their field of 
expertise. All authors have approved the paper.

Acknowledgements
The authors are members of the Main Thematic Group 5 and 8 of the 
European Reference Network on Rare Endocrine Conditions, ENDO-ERN.

References
 1 Argente J, Tatton-Brown K, Lehwalder D & Pfaffle R. Genetics 

of growth disorders-which patients require genetic testing? 
Frontiers in Endocrinology 2019 10 602. (https://doi.org/10.3389/
fendo.2019.00602)

 2 Kang MJ. Novel genetic cause of idiopathic short stature. Annals of 
Pediatric Endocrinology and Metabolism 2017 22 153–157. (https://doi.
org/10.6065/apem.2017.22.3.153)

 3 Miura K, OH K, Lee HR, Namba N, Michigami T, Yoo WJ, Choi IH, 
Ozono K & Cho TJ. Overgrowth syndrome associated with a gain-of-
function mutation of the natriuretic peptide receptor 2 (NPR2) gene. 
American Journal of Medical Genetics: Part A 2014 164A 156–163.

 4 Lauffer P, Boudin E, van der Kaay DCM, Koene S, van Haeringen A, 
van Tellingen V, Van Hul W, Prickett TCR, Mortier G, Espiner EA, et al. 
Broadening the spectrum of loss-of-function variants in NPR-C-related 
extreme tall stature. Journal of the Endocrine Society 2022 6 bvac019. 
(https://doi.org/10.1210/jendso/bvac019)

This work is licensed under a Creative Commons 
Attribution-NonCommercial 4.0 International License.https://doi.org/10.1530/EC-22-0277

https://ec.bioscientifica.com © 2022 The authors
Published by Bioscientifica Ltd

https://endo-ern.eu/
https://doi.org/10.3389/fendo.2019.00602
https://doi.org/10.3389/fendo.2019.00602
https://doi.org/10.6065/apem.2017.22.3.153
https://doi.org/10.6065/apem.2017.22.3.153
https://doi.org/10.1210/jendso/bvac019
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/10.1530/EC-22-0277
https://ec.bioscientifica.com


D C M van der Kaay, 
A Rochtus et al.

e220277

PB–XX

11:11

 5 Lauffer P, Miranda-Laferte E, van Duyvenvoorde HA, van Haeringen A, 
Werner F, Boudin E, Schmidt H, Mueller TD, Kuhn M & van der 
Kaay DCM. An activating deletion variant in the submembrane region 
of natriuretic peptide receptor-B causes tall stature. Journal of Clinical 
Endocrinology and Metabolism 2020 105 2354–2366. (https://doi.
org/10.1210/clinem/dgaa190)

 6 Brioude F, Netchine I, Praz F, Le Jule M, Calmel C, Lacombe D, Edery P, 
Catala M, Odent S, Isidor B, et al. Mutations of the imprinted CDKN1C 
gene as a cause of the overgrowth Beckwith-Wiedemann syndrome: 
clinical spectrum and functional characterization. Human Mutation 
2015 36 894–902. (https://doi.org/10.1002/humu.22824)

 7 Vissers LELM, van Nimwegen KJM, Schieving JH, Kamsteeg EJ, 
Kleefstra T, Yntema HG, Pfundt R, van der Wilt GJ, Krabbenborg L, 
Brunner HG, et al. A clinical utility study of exome sequencing versus 
conventional genetic testing in pediatric neurology. Genetics in 
Medicine 2017 19 1055–1063. (https://doi.org/10.1038/gim.2017.1)

 8 Wright CF, FitzPatrick DR & Firth HV. Paediatric genomics: diagnosing 
rare disease in children. Nature Reviews: Genetics 2018 19 325. (https://
doi.org/10.1038/nrg.2018.12)

 9 Hauer NN, Popp B, Schoeller E, Schuhmann S, Heath KE, Hisado-
Oliva A, Klinger P, Kraus C, Trautmann U, Zenker M, et al. Clinical 
relevance of systematic phenotyping and exome sequencing in 
patients with short stature. Genetics in Medicine 2018 20 630–638. 
(https://doi.org/10.1038/gim.2017.159)

 10 Stalman SE, Pons A, Wit JM, Kamp GA & Plotz FB. Diagnostic work-up 
and follow-up in children with tall stature: a simplified algorithm for 
clinical practice. Journal of Clinical Research in Pediatric Endocrinology 
2015 7 260–267. (https://doi.org/10.4274/jcrpe.2220)

 11 Andrews A, Maharaj A, Cottrell E, Chatterjee S, Shah P, Denvir L, 
Dumic K, Bossowski A, Mushtaq T, Vukovic R, et al. Genetic 
characterization of short stature patients with overlapping features 
of growth hormone insensitivity syndromes. Journal of Clinical 
Endocrinology and Metabolism 2021 106 e4716–e4733. (https://doi.
org/10.1210/clinem/dgab437)

 12 Freire BL, Homma TK, Funari MFA, Lerario AM, Vasques GA, 
Malaquias AC, Arnhold IJP & Jorge AAL. Multigene sequencing 
analysis of children born small for gestational age with isolated short 
stature. Journal of Clinical Endocrinology and Metabolism 2019 104 
2023–2030. (https://doi.org/10.1210/jc.2018-01971)

 13 Freire BL, Homma TK, Lerario AM, Seo GH, Han H, de Assis Funari MF, 
Gomes NL, Rosemberg C, Krepischi ACV, de Andrade Vasques G, et al. 
High frequency of genetic/epigenetic disorders in short stature children 
born with very low birth weight. American Journal of Medical Genetics: 
Part A 2022 188 2599–2604. (https://doi.org/10.1002/ajmg.a.62892)

 14 Homma TK, Freire BL, Honjo Kawahira RS, Dauber A, Funari MFA, 
Lerario AM, Nishi MY, Albuquerque EV, Vasques GA, Collett-
Solberg PF, et al. Genetic disorders in prenatal onset syndromic short 
stature identified by exome sequencing. Journal of Pediatrics 2019 215 
192–198. (https://doi.org/10.1016/j.jpeds.2019.08.024)

 15 Palmquist R, Jenkins SM, Bentley D, Miller C, Mao R, Meibos B, 
Bayrak-Toydemir P, Tvrdik T, Nadauld LD, Bleyl SB, et al. Evaluating 
use of changing technologies for rapid next-generation sequencing 
in pediatrics. Pediatric Research 2022 [epub]. (https://doi.org/10.1038/
s41390-022-01965-5)

 16 Costain G, Walker S, Marano M, Veenma D, Snell M, Curtis M, 
Luca S, Buera J, Arje D, Reuter MS, et al. Genome sequencing as a 
diagnostic test in children with unexplained medical complexity. 
JAMA Network Open 2020 3 e2018109. (https://doi.org/10.1001/
jamanetworkopen.2020.18109)

 17 Alhendi ASN, Lim D, McKee S, McEntagart M, Tatton-Brown K, 
Temple IK, Davies JH & Mackay DJG. Whole-genome analysis as a 
diagnostic tool for patients referred for diagnosis of Silver-Russell 
syndrome: a real-world study. Journal of Medical Genetics 2022 59 
613–622. (https://doi.org/10.1136/jmedgenet-2021-107699)

 18 Wit JM, Kamp GA, Oostdijk W & on behalf of the Dutch Working Group 
on Triage and Diagnosis of Growth Disorders in Children. Towards 

a rational and efficient diagnostic approach in children referred 
for growth failure to the general paediatrician. Hormone Research in 
Paediatrics 2019 91 223–240. (https://doi.org/10.1159/000499915)

 19 Savage MO & Storr HL. Balanced assessment of growth disorders 
using clinical, endocrinological, and genetic approaches. Annals of 
Pediatric Endocrinology and Metabolism 2021 26 218–226. (https://doi.
org/10.6065/apem.2142208.104)

 20 van Dommelen P, van Zoonen R, Vlasblom E, Wit JM, Beltman M & 
Expert Committee. Guideline for referring short or tall children in 
preventive child health care. Acta Paediatrica 2021 110 1231–1238. 
(https://doi.org/10.1111/apa.15625)

 21 Lauffer P, Kamp GA, Menke LA, Wit JM, Oostdijk W & on behalf of the 
Dutch Working Group on Triage and Diagnosis of Growth Disorders 
in Children. Towards a rational and efficient diagnostic approach 
in children referred for tall stature and/or accelerated growth to the 
general paediatrician. Hormone Research in Paediatrics 2019 91 293–310. 
(https://doi.org/10.1159/000500810)

 22 Albuquerque EVA, Scalco RC & Jorge AAL. MANAGEMENT OF 
ENDOCRINE DISEASE: Diagnostic and therapeutic approach of 
tall stature. European Journal of Endocrinology 2017 176 R339–R353. 
(https://doi.org/10.1530/EJE-16-1054)

 23 Collett-Solberg PF, Ambler G, Backeljauw PF, Bidlingmaier M, 
Biller BMK, Boguszewski MCS, Cheung PT, Choong CSY, Cohen LE, 
Cohen P, et al. Diagnosis, genetics, and therapy of short stature 
in children: a Growth Hormone Research Society international 
perspective. Hormone Research in Paediatrics 2019 92 1–14. (https://doi.
org/10.1159/000502231)

 24 Wit JM, Bidlingmaier M, de Bruin C & Oostdijk W. A proposal for the 
interpretation of serum IGF-I concentration as part of laboratory 
screening in children with growth failure. Journal of Clinical Research 
in Pediatric Endocrinology 2020 12 130–139. (https://doi.org/10.4274/
jcrpe.galenos.2019.2019.0176)

 25 Wit JM, Joustra SD, Losekoot M, van Duyvenvoorde HA & de 
Bruin C. Differential diagnosis of the short IGF-I-deficient child with 
apparently normal growth hormone secretion. Hormone Research in 
Paediatrics 2021 94 81–104. (https://doi.org/10.1159/000516407)

 26 Coutant R, Dorr HG, Gleeson H & Argente J. Diagnosis of endocrine 
disease: limitations of the IGF1 generation test in children with short 
stature. European Journal of Endocrinology 2012 166 351–357. (https://
doi.org/10.1530/EJE-11-0618)

 27 Cohen P. Controversy in clinical endocrinology: problems with 
reclassification of insulin-like growth factor I production and action 
disorders. Journal of Clinical Endocrinology and Metabolism 2006 91 
4235–4236. (https://doi.org/10.1210/jc.2006-1641)

 28 Azzi S, Salem J, Thibaud N, Chantot-Bastaraud S, Lieber E, Netchine I 
& Harbison MD. A prospective study validating a clinical scoring 
system and demonstrating phenotypical-genotypical correlations in 
Silver-Russell syndrome. Journal of Medical Genetics 2015 52 446–453. 
(https://doi.org/10.1136/jmedgenet-2014-102979)

 29 Walenkamp MJE, Robers JML, Wit JM, Zandwijken GRJ, van 
Duyvenvoorde HA, Oostdijk W, Hokken-Koelega ACS, Kant SG & 
Losekoot M. Phenotypic features and response to GH treatment of 
patients with a molecular defect of the IGF-1 receptor. Journal of 
Clinical Endocrinology and Metabolism 2019 104 3157–3171. (https://
doi.org/10.1210/jc.2018-02065)

 30 Loeys BL, Dietz HC, Braverman AC, Callewaert BL, De Backer J, 
Devereux RB, Hilhorst-Hofstee Y, Jondeau G, Faivre L, Milewicz DM, 
et al. The revised Ghent nosology for the Marfan syndrome. Journal 
of Medical Genetics 2010 47 476–485. (https://doi.org/10.1136/
jmg.2009.072785)

 31 de Boer L, Kant SG, Karperien M, van Beers L, Tjon J, Vink GR, van 
Tol D, Dauwerse H, le Cessie S, Beemer FA, et al. Genotype-phenotype 
correlation in patients suspected of having Sotos syndrome. Hormone 
Research 2004 62 197–207. (https://doi.org/10.1159/000081063)

 32 Dahlqvist P, Spencer R, Marques P, Dang MN, Glad CAM, 
Johannsson G & Korbonits M. Pseudoacromegaly: a differential 

This work is licensed under a Creative Commons 
Attribution-NonCommercial 4.0 International License.https://doi.org/10.1530/EC-22-0277

https://ec.bioscientifica.com © 2022 The authors
Published by Bioscientifica Ltd

https://doi.org/10.1210/clinem/dgaa190
https://doi.org/10.1210/clinem/dgaa190
https://doi.org/10.1002/humu.22824
https://doi.org/10.1038/gim.2017.1
https://doi.org/10.1038/nrg.2018.12
https://doi.org/10.1038/nrg.2018.12
https://doi.org/10.1038/gim.2017.159
https://doi.org/10.4274/jcrpe.2220
https://doi.org/10.1210/clinem/dgab437
https://doi.org/10.1210/clinem/dgab437
https://doi.org/10.1210/jc.2018-01971
https://doi.org/10.1002/ajmg.a.62892
https://doi.org/10.1016/j.jpeds.2019.08.024
https://doi.org/10.1038/s41390-022-01965-5
https://doi.org/10.1038/s41390-022-01965-5
https://doi.org/10.1001/jamanetworkopen.2020.18109
https://doi.org/10.1001/jamanetworkopen.2020.18109
https://doi.org/10.1136/jmedgenet-2021-107699
https://doi.org/10.1159/000499915
https://doi.org/10.6065/apem.2142208.104
https://doi.org/10.6065/apem.2142208.104
https://doi.org/10.1111/apa.15625
https://doi.org/10.1159/000500810
https://doi.org/10.1530/EJE-16-1054
https://doi.org/10.1159/000502231
https://doi.org/10.1159/000502231
https://doi.org/10.4274/jcrpe.galenos.2019.2019.0176
https://doi.org/10.4274/jcrpe.galenos.2019.2019.0176
https://doi.org/10.1159/000516407
https://doi.org/10.1530/EJE-11-0618
https://doi.org/10.1530/EJE-11-0618
https://doi.org/10.1210/jc.2006-1641
https://doi.org/10.1136/jmedgenet-2014-102979
https://doi.org/10.1210/jc.2018-02065
https://doi.org/10.1210/jc.2018-02065
https://doi.org/10.1136/jmg.2009.072785
https://doi.org/10.1136/jmg.2009.072785
https://doi.org/10.1159/000081063
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/10.1530/EC-22-0277
https://ec.bioscientifica.com


D C M van der Kaay, 
A Rochtus et al.

e22027711:11

diagnostic problem for acromegaly with a genetic solution. Journal 
of the Endocrine Society 2017 1 1104–1109. (https://doi.org/10.1210/
js.2017-00164)

 33 Gurovich Y, Hanani Y, Bar O, Nadav G, Fleischer N, Gelbman D, 
Basel-Salmon L, Krawitz PM, Kamphausen SB, Zenker M, et al. 
Identifying facial phenotypes of genetic disorders using deep 
learning. Nature Medicine 2019 25 60–64. (https://doi.org/10.1038/
s41591-018-0279-0)

 34 Hsieh TC, Bar-Haim A, Moosa S, Ehmke N, Gripp KW, Pantel JT, 
Danyel M, Mensah MA, Horn D, Rosnev S, et al. GestaltMatcher 
facilitates rare disease matching using facial phenotype descriptors. 
Nature Genetics 2022 54 349–357. (https://doi.org/10.1038/s41588-021-
01010-x)

 35 Meyer R, Soellner L, Begemann M, Dicks S, Fekete G, Rahner N, 
Zerres K, Elbracht M & Eggermann T. Targeted next generation 
sequencing approach in patients referred for Silver-Russell syndrome 
testing increases the mutation detection rate and provides decisive 
information for clinical management. Journal of Pediatrics 2017 187 
206.e1–212.e1. (https://doi.org/10.1016/j.jpeds.2017.04.018)

 36 Soellner L, Begemann M, Degenhardt F, Geipel A, Eggermann T & 
Mangold E. Maternal heterozygous NLRP7 variant results in recurrent 
reproductive failure and imprinting disturbances in the offspring. 
European Journal of Human Genetics 2017 25 924–929. (https://doi.
org/10.1038/ejhg.2017.94)

 37 Elbracht M, Mackay D, Begemann M, Kagan KO & Eggermann T. 
Disturbed genomic imprinting and its relevance for human 
reproduction: causes and clinical consequences. Human Reproduction 
Update 2020 26 197–213. (https://doi.org/10.1093/humupd/dmz045)

 38 Binder G. Short stature due to SHOX deficiency: genotype, phenotype, 
and therapy. Hormone Research in Paediatrics 2011 75 81–89. (https://
doi.org/10.1159/000324105)

 39 Mackay DJG, Bliek J, Lombardi MP, Russo S, Calzari L, Guzzetti S, 
Izzi C, Selicorni A, Melis D, Temple K, et al. Discrepant molecular 
and clinical diagnoses in Beckwith-Wiedemann and Silver-Russell 
syndromes. Genetics Research 2019 101 e3. (https://doi.org/10.1017/
S001667231900003X)

 40 Mussa A, Leoni C, Iacoviello M, Carli D, Ranieri C, Pantaleo A, 
Buonuomo PS, Bagnulo R, Ferrero GB, Bartuli A, et al. Genotypes and 
phenotypes heterogeneity in PIK3CA-related overgrowth spectrum 
and overlapping conditions: 150 novel patients and systematic review 
of 1007 patients with PIK3CA pathogenetic variants. Journal of Medical 
Genetics 2022. (https://doi.org/10.1136/jmedgenet-2021-108093)

 41 Venot Q, Blanc T, Rabia SH, Berteloot L, Ladraa S, Duong JP, Blanc E, 
Johnson SC, Hoguin C, Boccara O, et al. Targeted therapy in patients 
with PIK3CA-related overgrowth syndrome. Nature 2018 558 540–546. 
(https://doi.org/10.1038/s41586-018-0217-9)

 42 Maxwell KN, Hart SN, Vijai J, Schrader KA, Slavin TP, Thomas T, 
Wubbenhorst B, Ravichandran V, Moore RM, Hu C, et al. Evaluation of 
ACMG-guideline-based variant classification of cancer susceptibility 
and non-cancer-associated genes in families affected by breast cancer. 
American Journal of Human Genetics 2016 98 801–817. (https://doi.
org/10.1016/j.ajhg.2016.02.024)

 43 Jacobs A, Burns C, Patel P, Treat K, Helm BM, Conboy E & Vetrini F. 
Reanalysis of a novel variant in the IGF1R gene in a family with 
variable prenatal and postnatal growth retardation and dysmorphic 
features: benefits and feasibility of IUSM-URDC (Undiagnosed Rare 
Disease Clinic) program. Cold Spring Harbor Molecular Case Studies 2022 
8 a006170. (https://doi.org/10.1101/mcs.a006170)

 44 Richards S, Aziz N, Bale S, Bick D, Das S, Gastier-Foster J, Grody WW, 
Hegde M, Lyon E, Spector E, et al. Standards and guidelines 
for the interpretation of sequence variants: a joint consensus 
recommendation of the American College of Medical Genetics and 
Genomics and the Association for Molecular Pathology. Genetics in 
Medicine 2015 17 405–424. (https://doi.org/10.1038/gim.2015.30)

 45 Strande NT & Berg JS. Defining the clinical value of a genomic 
diagnosis in the era of next-generation sequencing. Annual Review 

of Genomics and Human Genetics 2016 17 303–332. (https://doi.
org/10.1146/annurev-genom-083115-022348)

 46 Matthijs G, Souche E, Alders M, Corveleyn A, Eck S, Feenstra I, Race V, 
Sistermans E, Sturm M, Weiss M, et al. Guidelines for diagnostic next-
generation sequencing. European Journal of Human Genetics 2016 24 
2–5. (https://doi.org/10.1038/ejhg.2015.226)

 47 Machini K, Ceyhan-Birsoy O, Azzariti DR, Sharma H, Rossetti P, 
Mahanta L, Hutchinson L, McLaughlin H, MedSeq Project, Green RC, 
et al. Analyzing and reanalyzing the genome: findings from the 
MedSeq project. American Journal of Human Genetics 2019 105 177–188. 
(https://doi.org/10.1016/j.ajhg.2019.05.017)

 48 Spengler S, Oehl-Jaschkowitz B, Begemann M, Hennes P, Zerres K 
& Eggermann T. Haploinsufficiency of ANKRD11 (16q24.3) is not 
obligatorily associated with cognitive impairment but shows a clinical 
overlap with Silver-Russell syndrome. Molecular Syndromology 2013 4 
246–249. (https://doi.org/10.1159/000351765)

 49 Kalia SS, Adelman K, Bale SJ, Chung WK, Eng C, Evans JP, Herman GE, 
Hufnagel SB, Klein TE, Korf BR, et al. Recommendations for reporting 
of secondary findings in clinical exome and genome sequencing, 2016 
update (ACMG SF v2.0): a policy statement of the American College 
of Medical Genetics and Genomics. Genetics in Medicine 2017 19 
249–255. (https://doi.org/10.1038/gim.2016.190)

 50 Saelaert M, Mertes H, Moerenhout T, De Baere E & Devisch I. Criteria 
for reporting incidental findings in clinical exome sequencing – a 
focus group study on professional practices and perspectives in 
Belgian genetic centres. BMC Medical Genomics 2019 12 123. (https://
doi.org/10.1186/s12920-019-0561-0)

 51 Ke X, Liang H, Miao H, Yang H, Wang L, Gong F, Pan H & Zhu H. 
Clinical characteristics of short-stature patients with an NPR2 
mutation and the therapeutic response to rhGH. Journal of Clinical 
Endocrinology and Metabolism 2021 106 431–441. (https://doi.
org/10.1210/clinem/dgaa842)

 52 Gkourogianni A, Andrew M, Tyzinski L, Crocker M, Douglas J, 
Dunbar N, Fairchild J, Funari MF, Heath KE, Jorge AA, et al. Clinical 
characterization of patients with autosomal dominant short stature 
due to aggrecan mutations. Journal of Clinical Endocrinology and 
Metabolism 2017 102 460–469. (https://doi.org/10.1210/jc.2016-3313)

 53 Muthuvel G, Dauber A, Alexandrou E, Tyzinski L, Andrew M, Hwa V 
& Backeljauw P. Treatment of short stature in aggrecan-deficient 
patients with recombinant human growth hormone: 1-year response. 
Journal of Clinical Endocrinology and Metabolism 2022 107 e2103–e2109. 
(https://doi.org/10.1210/clinem/dgab904)

 54 Baer S, Afenjar A, Smol T, Piton A, Gerard B, Alembik Y, Bienvenu T, 
Boursier G, Boute O, Colson C, et al. Wiedemann-Steiner syndrome as 
a major cause of syndromic intellectual disability: a study of 33 French 
cases. Clinical Genetics 2018 94 141–152. (https://doi.org/10.1111/
cge.13254)

 55 Cody JD, Semrud-Clikeman M, Hardies LJ, Lancaster J, Ghidoni PD, 
Schaub RL, Thompson NM, Wells L, Cornell JE, Love TM, et al. Growth 
hormone benefits children with 18q deletions. American Journal of 
Medical Genetics: Part A 2005 137 9–15. (https://doi.org/10.1002/
ajmg.a.30848)

 56 Darendeliler F, Larsson P, Neyzi O, Price AD, Hagenas L, Sipila I, 
Lindgren AC, Otten B, Bakker B & KIGS International Board. Growth 
hormone treatment in Aarskog syndrome: analysis of the KIGS 
(Pharmacia International Growth Database) data. Journal of Pediatric 
Endocrinology and Metabolism 2003 16 1137–1142. (https://doi.
org/10.1515/jpem.2003.16.8.1137)

 57 Olde Keizer RACM, Henneman L, Ploos van Amstel JK, Vissers LELM 
& Frederix GWJ. Economic evaluations of exome and genome 
sequencing in pediatric genetics: considerations towards a consensus 
strategy. Journal of Medical Economics 2021 24 (Supplement 1) 60–70. 
(https://doi.org/10.1080/13696998.2021.2009725)

 58 Shashi V, McConkie-Rosell A, Rosell B, Schoch K, Vellore K, 
McDonald M, Jiang YH, Xie P, Need A & Goldstein DB. The utility of 
the traditional medical genetics diagnostic evaluation in the context of 

This work is licensed under a Creative Commons 
Attribution-NonCommercial 4.0 International License.https://doi.org/10.1530/EC-22-0277

https://ec.bioscientifica.com © 2022 The authors
Published by Bioscientifica Ltd

https://doi.org/10.1210/js.2017-00164
https://doi.org/10.1210/js.2017-00164
https://doi.org/10.1038/s41591-018-0279-0
https://doi.org/10.1038/s41591-018-0279-0
https://doi.org/10.1038/s41588-021-01010-x
https://doi.org/10.1038/s41588-021-01010-x
https://doi.org/10.1016/j.jpeds.2017.04.018
https://doi.org/10.1038/ejhg.2017.94
https://doi.org/10.1038/ejhg.2017.94
https://doi.org/10.1093/humupd/dmz045
https://doi.org/10.1159/000324105
https://doi.org/10.1159/000324105
https://doi.org/10.1017/S001667231900003X
https://doi.org/10.1017/S001667231900003X
https://doi.org/10.1136/jmedgenet-2021-108093
https://doi.org/10.1038/s41586-018-0217-9
https://doi.org/10.1016/j.ajhg.2016.02.024
https://doi.org/10.1016/j.ajhg.2016.02.024
https://doi.org/10.1101/mcs.a006170
https://doi.org/10.1038/gim.2015.30
https://doi.org/10.1146/annurev-genom-083115-022348
https://doi.org/10.1146/annurev-genom-083115-022348
https://doi.org/10.1038/ejhg.2015.226
https://doi.org/10.1016/j.ajhg.2019.05.017
https://doi.org/10.1159/000351765
https://doi.org/10.1038/gim.2016.190
https://doi.org/10.1186/s12920-019-0561-0
https://doi.org/10.1186/s12920-019-0561-0
https://doi.org/10.1210/clinem/dgaa842
https://doi.org/10.1210/clinem/dgaa842
https://doi.org/10.1210/jc.2016-3313
https://doi.org/10.1210/clinem/dgab904
https://doi.org/10.1111/cge.13254
https://doi.org/10.1111/cge.13254
https://doi.org/10.1002/ajmg.a.30848
https://doi.org/10.1002/ajmg.a.30848
https://doi.org/10.1515/jpem.2003.16.8.1137
https://doi.org/10.1515/jpem.2003.16.8.1137
https://doi.org/10.1080/13696998.2021.2009725
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/10.1530/EC-22-0277
https://ec.bioscientifica.com


D C M van der Kaay, 
A Rochtus et al.

e220277

PB–XX

11:11

next-generation sequencing for undiagnosed genetic disorders.  
Genetics in Medicine 2014 16 176–182. (https://doi.org/10.1038/
gim.2013.99)

 59 Rosenberg AGW, Pater MRA, Pellikaan K, Davidse K, Kattentidt-
Mouravieva AA, Kersseboom R, Bos-Roubos AG, van Eeghen A, 
Veen JMC, van der Meulen JJ, et al. What every internist-
endocrinologist should know about rare genetic syndromes in order 
to prevent needless diagnostics, missed diagnoses and medical 
complications: five years of ‘internal medicine for rare genetic 
syndromes’. Journal of Clinical Medicine 2021 10 5457. (https://doi.
org/10.3390/jcm10225457)

 60 Boguszewski MCS, Boguszewski CL, Chemaitilly W, Cohen LE, 
Gebauer J, Higham C, Hoffman AR, Polak M, Yuen KCJ, Alos N, et al. 
Safety of growth hormone replacement in survivors of cancer and 
intracranial and pituitary tumours: a consensus statement. European 
Journal of Endocrinology 2022 186 P35–P52. (https://doi.org/10.1530/
EJE-21-1186)

 61 Savendahl L, Cooke R, Tidblad A, Beckers D, Butler G, Cianfarani S, 
Clayton P, Coste J, Hokken-Koelega ACS, Kiess W, et al. Long-term 
mortality after childhood growth hormone treatment: the SAGhE 
cohort study. Lancet: Diabetes and Endocrinology 2020 8 683–692. 
(https://doi.org/10.1016/S2213-8587(20)30163-7)

 62 Tidblad A & Savendahl L. Growth hormone use in childhood and 
adult cardiovascular disease-reply. JAMA Pediatrics 2021 175 646–647. 
(https://doi.org/10.1001/jamapediatrics.2021.0241)

 63 Finken MJJ, van der Steen M, Smeets CCJ, Walenkamp MJE, de 
Bruin C, Hokken-Koelega ACS & Wit JM. Children born small for 
gestational age: differential diagnosis, molecular genetic evaluation, 
and implications. Endocrine Reviews 2018 39 851–894. (https://doi.
org/10.1210/er.2018-00083)

 64 Yuen KCJ, Miller BS, Boguszewski CL & Hoffman AR. Usefulness 
and potential pitfalls of long-acting growth hormone analogs. 
Frontiers in Endocrinology 2021 12 637209. (https://doi.org/10.3389/
fendo.2021.637209)

 65 Spengler S, Begemann M, Ortiz Bruchle N, Baudis M, Denecke B, 
Kroisel PM, Oehl-Jaschkowitz B, Schulze B, Raabe-Meyer G, 
Spaich C, et al. Molecular karyotyping as a relevant diagnostic tool 
in children with growth retardation with Silver-Russell features. 

Journal of Pediatrics 2012 161 933–942. (https://doi.org/10.1016/j.
jpeds.2012.04.045)

 66 Knopp C, Rudnik-Schoneborn S, Zerres K, Gencik M, Spengler S 
& Eggermann T. Twenty-one years to the right diagnosis – clinical 
overlap of Simpson-Golabi-Behmel and Beckwith-Wiedemann 
syndrome. American Journal of Medical Genetics: Part A 2015 167A 
151–155. (https://doi.org/10.1002/ajmg.a.36825)

 67 Funari MF, Jorge AA, Souza SC, Billerbeck AE, Arnhold IJ, 
Mendonca BB & Nishi MY. Usefulness of MLPA in the detection of 
SHOX deletions. European Journal of Medical Genetics 2010 53 234–238. 
(https://doi.org/10.1016/j.ejmg.2010.06.001)

 68 Russo S, Calzari L, Mussa A, Mainini E, Cassina M, Di Candia S, 
Clementi M, Guzzetti S, Tabano S, Miozzo M, et al. A multi-method 
approach to the molecular diagnosis of overt and borderline 
11p15.5 defects underlying Silver-Russell and Beckwith-Wiedemann 
syndromes. Clinical Epigenetics 2016 8 23. (https://doi.org/10.1186/
s13148-016-0183-8)

 69 Wakeling EL, Brioude F, Lokulo-Sodipe O, O'Connell SM, Salem J, 
Bliek J, Canton AP, Chrzanowska KH, Davies JH, Dias RP, et al. 
Diagnosis and management of Silver-Russell syndrome: first 
international consensus statement. Nature Reviews: Endocrinology 2017 
13 105–124. (https://doi.org/10.1038/nrendo.2016.138)

 70 Mantere T, Neveling K, Pebrel-Richard C, Benoist M, van der Zande G, 
Kater-Baats E, Baatout I, van Beek R, Yammine T, Oorsprong M, et al. 
Optical genome mapping enables constitutional chromosomal 
aberration detection. American Journal of Human Genetics 2021 108 
1409–1422. (https://doi.org/10.1016/j.ajhg.2021.05.012)

 71 Ochoa E, Lee S, Lan-Leung B, Dias RP, Ong KK, Radley JA, Perez de 
Nanclares G, Martinez R, Clark G, Martin E, et al. ImprintSeq, a novel 
tool to interrogate DNA methylation at human imprinted regions and 
diagnose multilocus imprinting disturbance. Genetics in Medicine 2022 
24 463–474. (https://doi.org/10.1016/j.gim.2021.10.011)

 72 Meyer R, Begemann M, Hubner CT, Dey D, Kuechler A, Elgizouli M, 
Schara U, Ambrozaityte L, Burnyte B, Schroder C, et al. One test for 
all: whole exome sequencing significantly improves the diagnostic 
yield in growth retarded patients referred for molecular testing for 
Silver-Russell syndrome. Orphanet Journal of Rare Diseases 2021 16 42. 
(https://doi.org/10.1186/s13023-021-01683-x)

Received in final form 30 August 2022
Accepted 5 September 2022
Accepted Manuscript published online 5 September 2022

This work is licensed under a Creative Commons 
Attribution-NonCommercial 4.0 International License.https://doi.org/10.1530/EC-22-0277

https://ec.bioscientifica.com © 2022 The authors
Published by Bioscientifica Ltd

https://doi.org/10.1038/gim.2013.99
https://doi.org/10.1038/gim.2013.99
https://doi.org/10.3390/jcm10225457
https://doi.org/10.3390/jcm10225457
https://doi.org/10.1530/EJE-21-1186
https://doi.org/10.1530/EJE-21-1186
https://doi.org/10.1016/S2213-8587(20)30163-7
https://doi.org/10.1001/jamapediatrics.2021.0241
https://doi.org/10.1210/er.2018-00083
https://doi.org/10.1210/er.2018-00083
https://doi.org/10.3389/fendo.2021.637209
https://doi.org/10.3389/fendo.2021.637209
https://doi.org/10.1016/j.jpeds.2012.04.045
https://doi.org/10.1016/j.jpeds.2012.04.045
https://doi.org/10.1002/ajmg.a.36825
https://doi.org/10.1016/j.ejmg.2010.06.001
https://doi.org/10.1186/s13148-016-0183-8
https://doi.org/10.1186/s13148-016-0183-8
https://doi.org/10.1038/nrendo.2016.138
https://doi.org/10.1016/j.ajhg.2021.05.012
https://doi.org/10.1016/j.gim.2021.10.011
https://doi.org/10.1186/s13023-021-01683-x
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/10.1530/EC-22-0277
https://ec.bioscientifica.com

	Abstract
	Clinical evaluation
	Currently applied molecular diagnostic methods
	Use of NGS-based techniques in routine diagnostics: chances and challenges
	Personalized management from a clinician standpoint
	Perspective I: future diagnostic strategies
	Perspective II: relevance for transition from child to adult care – long-term studies
	Conclusions
	Declaration of interest
	Funding
	Author contribution statement
	Acknowledgements
	References

