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Abstract: Short stature is a common reason for a child to visit the endocrinologist, and can be a
variant of normal or secondary to an underlying pathologic cause. Pathologic causes include growth
hormone deficiency (GHD), which can be congenital or acquired later. GHD can be isolated or can
occur with other pituitary hormone deficiencies. The diagnosis of GHD requires thorough clinical,
biochemical, and radiographic investigations. Genetic testing may also be helpful in some patients.
Treatment with recombinant human growth hormone (rhGH) should be initiated as soon as the
diagnosis is made and patients should be monitored closely to evaluate response to treatment and for
potential adverse effects.
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1. Introduction

Short stature is defined as a height less than two standard deviations (SD) below the
mean for age and sex. This corresponds to a height below the 2.3rd percentile. Height
distribution follows a normal Gaussian distribution, and therefore, 2.3% of a population
will meet this cutoff [1]. The majority of these individuals have a normal variant of short
stature, while approximately 20% have a pathological cause including growth hormone
deficiency (GHD), the focus of this review paper [2].

Normal variants of short stature include familial short stature (FSS), constitutional
delay of growth and puberty (CDGP), and idiopathic short stature (ISS). FSS is characterized
by a low-normal height velocity, a bone age that is consistent with the chronological age,
and a final adult height that is short, however in line with the individual’s genetic potential
based on the parental heights [3]. It is important to note that a short child who has a short
parent may have an underlying genetic cause that requires further evaluation. CDGP is
evident in up to 15% of children and is seen twice as frequently in boys than in girls [4].
Individuals with CDGP typically have a normal length and weight at birth, however
during the first few years of life, there is a deceleration in linear growth resulting in a
downward crossing of height percentiles on the growth curve. This is followed by a normal
growth rate during childhood and delay in the onset of puberty, which results in a marked
discrepancy in height during the early adolescent years in comparison to age-matched
peers. CDGP is characterized by delayed skeletal maturation, and this longer period of
growth enables children to ultimately reach their target adult heights [5]. ISS is diagnosed
when the individual’s height is less than two standard deviations below the mean, however
there is no identifiable cause or underlying disorder. It is made as a diagnosis of exclusion
after other non-pathologic and pathologic causes have been ruled out [1].

Pathologic causes of short stature include disorders with secondary effects on growth
(undernutrition, gastrointestinal disorders [Crohn’s disease, celiac disease], cystic fibrosis,
immune deficiencies with recurrent infections, renal disorders [chronic kidney disease
(CKD), renal tubular acidosis (RTA)], systemic juvenile idiopathic arthritis (JIA), cancer
and related treatments), endocrine disorders (GHD, hypothyroidism, Cushing syndrome,
pseudohypoparathyroidism type 1), genetic diseases [Turner syndrome, Noonan syndrome,
Silver-Russell syndrome], skeletal dysplasias, as well as glucocorticoid therapy [6–8].
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Growth hormone (GH) is released from somatotrophs in the anterior pituitary gland
in a pulsatile manner due to opposing actions of growth hormone releasing hormone
(GHRH) which has a stimulatory effect, and somatostatin (also known as somatotropin
release-inhibiting factor or SRIF) which has a inhibitory effect [9]. There are numerous
factors that affect GH section. Hypothyroidism as well as adiposity are associated with a
decrease in GH secretion, while undernutrition leads to over secretion of GH (however
with low levels of insulin-like growth factor-1 (IGF-1) levels indicating GH resistance) [9,10].
The majority of GH is found in the 22-kDa form (75%), however, smaller amounts of 20-kDa
(5–10%) and 17.5-kDa (1–5%) peptides are also present [11]. Once released into circulation,
GH stimulates fat breakdown and promotes protein synthesis [9]. Although GH can exert
its effect directly at the cellular level, it primarily acts on the liver to synthesize IGF-1 which
exerts peripheral growth promoting effects. IGF-1 circulates bound to IGF-binding proteins
(IGFBPs), which extend the serum half-life of IGFs. IGFBP-3 is the major IGFBP in humans
and transports the majority of circulating IGF-1 [12].

GHD can be either congenital, affecting approximately 1:4000–1:10,000 live births
or acquired later in life, and can be isolated or associated with other pituitary hormone
deficiencies. Although most cases of GHD occur sporadically, a first degree relative with
this condition is identified in 3–30% of cases [11].

2. Molecular Genetics

GH is a peptide encoded by the GH1 gene, which is part of a 65-kb cluster of five
genes located on chromosome 17q22-24 [11,13]. Four forms of familial isolated growth
hormone deficiency (IGHD) have been described: autosomal recessive (type IA and IB),
autosomal dominant (type II) and X-linked recessive (type III). IGHD Type 1A classically
occurs with homozygous 6.5–45 kb deletions in GH1, which prevent synthesis or secretion
of GH. Affected individuals present with severe growth failure before 6 months of age,
including a height less than 4.5 standard deviations below the mean [11]. Serum levels of
GH are undetectable, and upon initiation of GH replacement therapy, anti-GH antibodies
often develop [11]. IGHD Type IB is a less severe autosomal recessive form of GHD
resulting from splice site, frameshift, missense, and nonsense mutations in GH1 [11].
IGHD Type II is commonly due to single base deletions from the first six nucleotides of
intron 3. This mutation results in the increased production of a 17.5 kDa form of GH.
Phenotypic presentations vary as affected individuals may range from having a normal
height to exhibiting severe short stature. Other pituitary hormone deficiencies may also
develop when splice site mutations are present, including adrenocorticotropic hormone
(ACTH), prolactin, thyroid-stimulating hormone (TSH), or gonadotropin deficiencies. A
hypoplastic anterior pituitary gland may be detected on MRI in approximately 38–50%
of individuals [11]. IGHD Type III may be associated with X-linked mutations, such
as SOX3, a transcription factor located at Xq27 and involved in pituitary development.
Duplications at Xq26-27 may be associated with intellectual disability along with either
IGHD or hypopituitarism. Studies have reported features including panhypopituitarism,
anterior pituitary hypoplasia, and an ectopic or undescended posterior pituitary [11].

GHRH binds to growth hormone releasing hormone receptor (GHRHR), a G-protein
coupled receptor in somatotrophs. The GHRHR gene is located on chromosome 7p14.
Numerous homozygous or compound heterozygous mutations in GHRHR have been
linked to IGHD Type IB, including missense, nonsense, splice site, and regulatory mutations
as well as deletions. Individuals with GHRHR mutations present clinically with short
stature and low serum levels of GH [11].

Table 1 outlines commonly cited transcription factors implicated in multiple pitu-
itary hormone deficiencies, of which GHD may be the first manifestation. Several other
transcription factors have been described [14]. Table 2 outlines causes of GH insensitivity.

Kowarski syndrome, characterized by growth retardation resulting from biologically
inactive growth hormone was described in 1978 [15]. Affected children have normal or
slightly increased GH secretion and pathologically low IGF1 levels, and normal catch-up
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growth with GH therapy. More recent studies have reported molecular abnormalities
involving a mutant GH molecule [16,17].

Table 1. GH deficiency [18–23].

Gene Inheritance Pattern Clinical Features Pituitary Deficiencies

HESX1 Autosomal dominant or
autosomal recessive

Short stature; anterior pituitary gland
hypoplasia, ectopic posterior pituitary gland;
septo-optic dysplasia, agenesis of the corpus

callosum, absent infundibulum

GH, TSH, LH, FSH, PRL, and
ACTH deficiencies

POU1F1 Autosomal dominant or
autosomal recessive

Short stature; small or normal anterior
pituitary gland

GH and PRL deficiencies,
usually severe; TSH deficiency

variable

PROP1 Autosomal recessive
Short stature, although normal adult heights
have been reported even without treatment;

possible delayed puberty and infertility

GH, TSH, LH, FSH, and PRL
deficiencies; GH, PRL, and

TSH deficiencies milder than
in patients with POU1F1

mutations; cortisol deficiency
increasing with age

LHX3 Autosomal recessive
Short stature; short, rigid cervical spine with

restricted neck range of motion; small,
normal, or enlarged anterior pituitary gland

GH, TSH, LH, FSH, and PRL
deficiencies

LHX4 Autosomal dominant

Short stature; small anterior pituitary gland,
ectopic posterior pituitary gland, absent

infundibulum, and cerebellum abnormalities
(inadequately formed sella turcica and

pointed cerebellar tonsils)

GH, TSH, and ACTH
deficiencies

GLI2 Autosomal dominant

Short stature; holoprosencephaly and
multiple midline defects (single nares, single

central incisor); variable craniofacial
abnormalities

GH, TSH, LH, FSH, prolactin
and ACTH deficiencies

PITX2 Autosomal dominant

Short stature; Rieger syndrome—variable
presentation: abnormalities of anterior

chamber of eye, dental hypoplasia,
protuberant umbilicus, intellectual disability,

and pituitary abnormalities

OTX2 Autosomal dominant

Short stature, anophthalmia, microphthalmia;
also possible optic nerve hypoplasia and

other eye abnormalities, brain and pituitary
abnormalities, developmental delay,

intellectual disability, and feeding difficulties

GH = growth hormone TSH = thyroid stimulating hormone, LH = luteinizing hormone, FSH = follicle stimulating
hormone, PRL = prolactin, and ACTH = adrenocorticotropic hormone.

Table 2. GH insensitivity [24,25].

Gene Involved Inheritance Pattern Features

GHR Autosomal recessive or
autosomal dominant

Laron syndrome—variable height presentation,
midfacial hypoplasia

STAT5B Autosomal recessive Midfacial hypoplasia, immunodeficiency, pulmonary
insufficiency, elevated PRL

IGFALS Autosomal recessive Mild short stature
IPAPPA2 Autosomal recessive Mild short stature; microcephaly, skeletal abnormalities

IGF1 Autosomal recessive SGA, microcephaly, intellectual disability, deafness

IGF1R Autosomal dominant or
autosomal recessive

SGA, microcephaly, intellectual disability, insulin
insensitivity, decreased bone density

IGF2 Paternal inheritance
SGA, short stature, macrocephaly, triangular facies, frontal

bossing, low-set ears, clinodactyly,
micrognathia/retrognathia

SGA = small for gestational age, PRL = prolactin.
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3. Clinical Presentation

Newborns with congenital GHD can present with hypoglycemia and prolonged
jaundice. It is important to note that fetal growth is influenced by genetic and environmental
factors, as well as by nutrition and growth factors, including insulin [26]. Growth patterns
in infants with congenital GHD vary depending on the severity of the deficiency. One
study showed that infants with isolated congenital GHD or multiple pituitary deficiencies,
but without any dysmorphic features, have a normal birth weight and length. It is not
until 6–12 months of age when these individuals experience linear growth deceleration and
their length begins to deviate from the mean [27]. Another study comprised of children
with similar inclusion and exclusion criteria found birth length to be decreased in 69%
of patients while birth weight and adiposity were relatively increased. More than half
of these individuals had isolated GHD, suggesting that other hormone deficiencies were
likely not responsible for this reduced birth length. In 61% of patients, length continued to
decline further in the postnatal period [28]. In a third study, two distinct growth patterns
were observed: the first curve showed a decline in growth starting immediately from birth
while the second curve traveled parallel to the normal curve for the first 9 months of life
before deviating downwards [29]. This study also concluded that additional hormone
deficiencies (TSH, ACTH) could not account for the differing growth patterns between
the two groups [29]. The general consensus from these studies is that congenital GHD
may present differently depending on the severity of the hormone deficiency. Clinical
manifestations of linear growth failure may be apparent immediately from birth in more
severe cases or growth abnormalities may not become apparent until 6–12 months of
age [27–29]. If there are associated multiple pituitary hormone deficiencies, additional
abnormalities can be seen. When combined with gonadotropin deficiency, genitourinary
abnormalities such as micropenis and cryptorchidism are seen in males. Breech presentation
and post-delivery complications including perinatal asphyxia, bradycardia, and peripheral
cyanosis have also been associated with congenital GHD [28,30]. Additional features
include changes in body composition (increased peri-abdominal fat, decreased muscle
mass), delayed dentition, hair and nail changes, and a high pitched voice.

Acquired GHD may be idiopathic or may arise from a variety of factors affecting the
sellar region, including head trauma, tumors, irradiation, surgery, inflammation, infection,
or infiltrative conditions that disrupt the pituitary stalk [31–33]. Growth failure is the classic
presentation of acquired GHD, although the onset of this may occur rapidly or insidiously
depending on the etiology. In the case of tumors, nearly one third of patients experience
growth failure as their initial symptom. In traumatic brain injuries, growth failure may
present within a few months following injury in some individuals while it may not occur
until over a year later in others [34]. Growth deceleration is defined as a growth velocity
that is below the 5th percentile for age and gender (e.g., <5 cm/year after the age of 5 years)
or a height decrease across two or more percentiles on the growth chart [35].

4. Diagnostic Approach

The diagnostic workup should begin with a thorough history and physical examina-
tion. Birth history (maternal health during pregnancy, birth difficulties, mode of delivery,
birth weight and length, postnatal complications), review of general health, significant
medical and surgical history, and family history (consanguinity, familial heights and age at
onset of puberty, medical problems) should be obtained [36]. Clinical information obtained
from the history including neonatal hypoglycemia, prolonged neonatal jaundice, or prior
cranial irradiation increase suspicion for GHD [37]. In addition to a general examination,
evaluation for dysmorphic features, body proportions, and well as Tanner staging should
be done [36,38].

Careful assessment of the growth curves is critical. First, it is important to ensure that
the measurements are precise and plotted appropriately on the correct chart. The height
and its relation to the chronological age as well as the child’s genetic potential is important.
Mid-parental target height is calculated for girls using (father’s height + mother’s height
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− 13 cm)/2 and in boys using (father’s height + mother’s height + 13 cm)/2 [39]. The
weight-to-height ratio is also important. Endocrine disorders are typically associated with
relatively preserved weight gain or obesity in a short child while systemic disorders are
associated with greater impairment in weight gain than linear growth. However, most
important is the growth velocity, which requires measurements ideally 6 months apart [40].

Initial workup for short stature typically includes a TSH level as well as GH markers
(IGF-1 and IGFBP-3), and a karyotype in girls to evaluate for mosaic Turner syndrome as
short stature may be the only clinical manifestation [40,41]. Routine laboratory screening
for occult disease including a complete blood count (CBC), electrolytes, liver function tests,
erythrocyte sedimentation rate (ESR), and celiac testing are also often checked [42]. It is
difficult to evaluate GH production directly as its secretion is pulsatile (except in neonates)
and its regulation is multifaceted. Although low values of IGF-1 and/or IGFBP-3 raise
concerns for GHD, there are limitations to these tests [41]. In very young children less than
3 years of age, there is an overlap in IGF-1 levels when comparing healthy children and
those with GHD. In this age group, the IGFBP-3 biomarker may be a more reliable method
of evaluation [43,44]. Other causes of low IGF-1 include poor nutrition, chronic illness, and
liver disease [41,45]. A bone age X-ray (X-ray of the hand and wrist) is helpful in comparing
the chronological age to skeletal age [36]. Bone age is typically delayed in GHD, however
this may not be the case in recently acquired GHD, and can even be advanced in patients
with severe obesity [46]. The more severe or longstanding the GHD, the greater the difference
between the chronological age and bone age [44]. A delayed bone age is not diagnostic of a
specific diagnosis and can be seen in many other conditions including hypothyroidism. Bone
age imaging can also be helpful in identifying subtle signs of skeletal dysplasia.

GH stimulation testing can be undertaken to aid in the diagnosis of GHD, however
is not always required. For example, an infant with a history of neonatal hypoglycemia,
prolonged jaundice after birth, midline defects, low IGF-I and IGFBP-3, and/or multiple
pituitary hormones deficiencies has sufficient clinical and biochemical evidence to support
GHD, and does not require stimulation testing [43]. There are many available testing
options. Screening tests using exercise, fasting, or agents such as levodopa or clonidine
to stimulate GH secretion, are easy to administer and are low risk. However, they also
have low specificity, and are therefore combined or performed sequentially with a second
agent such as arginine, insulin, or glucagon. Failure of two tests is diagnostic of GHD [43].
Traditionally, test failure has been defined as a GH level that is less than 10 ng/mL in
children [37,47]. However, there is no controlled, evidence-based gold standard for this
cutoff and results of stimulation testing should not be used as the sole diagnostic criterion
of GHD for many reasons. There is overlap in peak GH concentrations between normal
children and those with GHD. Adiposity also influences GH response to stimulation testing,
with blunted responses in obese or overweight individuals [47]. Further, there is a need for
standardization in testing and agent- and assay-specific reference ranges [48,49]. Another
area of controversy is sex steroid priming which involves administering sex steroids prior
to the stimulation testing. Sex steroids cause an increase in GH secretion during pubertal
development, and therefore advocates of this practice utilize priming to enhance the release
of GH in response to the given stimulus in order to decrease the rate of false positives. This
technique can be helpful in distinguishing GHD and CDGP, conditions that are difficult to
differentiate due to overlapping features [41,44].

MRI imaging of the brain with a focus on the hypothalamus and pituitary gland
should be performed in all patients diagnosed with GHD to detect anatomical defects.
Absence of the anterior pituitary gland (empty sella), an ectopic posterior pituitary gland,
and hypoplasia of the pituitary stalk and/or pituitary gland are supportive of a diagnosis of
GHD. Congenital CNS malformations including holoprosencephaly, septo-optic dysplasia,
and midline craniocerebral or midfacial abnormalities can be associated with pituitary
abnormalities on imaging. Imaging is also important for predicting the likelihood of other
pituitary hormone deficiencies, the utility of genetic testing, and the likelihood of persistent
GHD [43].
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Genetic testing is not performed routinely in the diagnosis of isolated GHD, however
can be considered in some cases. In a study evaluating patients and pedigrees with
IGHD, approximately 77% of cases were sporadic while the remaining 23% were familial.
Mutations in GH1 and GHRHR were discovered in approximately 11% of individuals
with IGHD. Rates were higher in familial cases, with a prevalence of nearly 39%, and in
consanguineous cases, having a prevalence of 75%. Patients for whom specific mutations
had been identified experienced more severe perturbations to their growth than those
without identifiable mutations. The authors of this study recommend genetic screening for
idiopathic GHD patients who present with severe growth failure and a suggestive family
history [50].

5. Treatment

Treatment of GHD is accomplished by administration of recombinant human growth
hormone (rhGH). Treatment can be given in children whose epiphyses are open [51]. His-
torically, treatment has required daily subcutaneous injections typically administered in
the evening to more closely match the release pattern of endogenous GH. However, no
difference in effectiveness has been observed based on the timing of medication administra-
tion [52]. Sustained-release preparations of rhGH are also now available in the United States
and a few other countries. In a 52-week randomized study in prepubertal children with
GHD, patients using once weekly lonapegsomatropin had an annualized height velocity
(AHV) of 11.2 ± 0.2 cm/year, while patients treated with equivalent doses of aqueous
rhGH administered by daily subcutaneous injection had an AHV of 10.3 ± 0.3 cm/year [53].
This study also found similar safety data in the two groups. Long acting preparations can
help with the treatment burden of daily injections and may improve medication adherence.

The growth response is greater when rhGH is initiated at a younger age, and therefore,
treatment should be initiated as soon as the diagnosis of GHD is confirmed. In addition to
linear growth benefits, GH has an important role in bone health. Children with GHD have
a reduced bone mineral density (BMD) and GH treatment has been shown to improve BMD
and have a important role in the attainment of peak bone mass in children with GHD [54].
The initial dosing is between 0.16–0.24 mg/kg/week divided into daily injections [47]. For
lonapegsomatropin, the approved dosing is 0.24 mg/kg given once weekly for children
≥1 year and weight ≥11.5 kg. Successive doses may be adjusted depending on individual
patient responses to treatment and IGF-1 levels. The Pediatric Endocrine Society guidelines
recommend decreasing the dose if IGF-1 levels are above the normal range, as very high
levels may be associated with drug toxicity [47].

Treatment with rHGH has potential adverse effects. Acute effects including idiopathic
intracranial hypertension (pseudotumor cerebri), slipped capital femoral epiphysis (SCFE),
and worsening of existing scoliosis have been reported. Other reported side effects include
insulin resistance, musculoskeletal symptoms such as edema, carpal tunnel syndrome, mus-
cular pain related to fluid retention, and pancreatitis. GH can cause tonsillar hypertrophy
and exacerbate obstructive sleep apnea and therefore polysomnography is recommended
in at risk patients, specifically those with Prader-Willi syndrome. It is important to note that
GH treatment can increase metabolism of cortisol and thyroid hormone, and may unmask
adrenal insufficiency or hypothyroidism [47,55,56]. Long-term, there are concerns related
to cancer risk. The SAGhE study which evaluated a cohort of almost 24,000 patients treated
with rhGH did not support a clear carcinogenic effect of rhGH in patients with growth
failure without any other major disease, however study limitations were noted including
the limited length of follow-up [57].

GH treatment is generally continued until linear growth velocity decreases below
2–2.5 cm/year [47]. Patients should then be retested for GHD to determine if GH should be
continued into adulthood, as GH therapy offers benefits in body composition (reduction in
fat mass, increase in muscle mass), exercise capacity, skeletal integrity, lipids, and quality
of life measures [58].
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6. Conclusions

A child with short stature requires a comprehensive evaluation to appropriately
differentiate a normal variant of short stature from a pathologic cause such as GHD. There
is no gold standard in diagnosing GHD, and no one test supersedes clinical evaluation and
judgement. Treatment with rhGH is available in daily and weekly injections for children
with GHD and should be initiated as soon as the diagnosis is made. Patients require close
monitoring with attention to growth velocity and potential adverse effects. Further data
are needed to standardize and revise our diagnostic criteria, specifically standardization
of GH stimulation testing protocols and GH cutoff values. Although genetic testing is not
routinely done in patients with GHD, it will likely play a greater role in our diagnostic
workup in the future.

Author Contributions: C.O. performed the literature search and drafted the work. M.G. and S.R.
revised the work. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Wit, J.M.; Clayton, P.E.; Rogol, A.D.; Savage, M.O.; Saenger, P.H.; Cohen, P. Idiopathic short stature: Definition, epidemiology, and

diagnostic evaluation. Growth Horm. IGF Res. 2008, 18, 89–110. [CrossRef] [PubMed]
2. Cheetham, T.; Davies, J.H. Investigation and management of short stature. Arch. Dis. Child. 2014, 99, 767–771. [CrossRef]

[PubMed]
3. Seaver, L.H.; Irons, M. ACMG practice guideline: Genetic evaluation of short stature. Genet. Med. 2009, 11, 465–470. [CrossRef]

[PubMed]
4. Aguilar, D.; Castano, G. Constitutional Growth Delay. In StatPearls; StatPearls Publishing: Treasure Island, FL, USA, 2022.
5. LaFranchi, S.; Hanna, C.E.; Mandel, S.H. Constitutional delay of growth: Expected versus final adult height. Pediatrics 1991, 87,

82–87. [CrossRef]
6. Polidori, N.; Castorani, V.; Mohn, A.; Chiarelli, F. Deciphering short stature in children. Ann. Pediatr. Endocrinol. Metab. 2020, 25,

69–79. [CrossRef] [PubMed]
7. Rani, D.; Shrestha, R.; Kanchan, T.; Krishan, K. Short Stature. In StatPearls; StatPearls Publishing: Treasure Island, FL, USA, 2022.
8. Sultan, M.; Afzal, M.; Qureshi, S.M.; Aziz, S.; Lutfullah, M.; Khan, S.A.; IqbaL, M.; Maqsood, S.U.; Sadiq, N.; Farid, N. Etiology of

short stature in children. J. Coll. Physicians Surg. Pak. 2008, 18, 493–497.
9. Hartman, M.L.; Iranmanesh, A.; Thorner, M.O.; Veldhuis, J.D. Evaluation of pulsatile patterns of growth hormone release in

humans: A brief review. Am. J. Hum. Biol. 1993, 5, 603–614. [CrossRef]
10. Fazeli, P.K.; Klibanski, A. Determinants of GH resistance in malnutrition. J. Endocrinol. 2014, 220, R57–R65. [CrossRef]
11. Alatzoglou, K.S.; Dattani, M.T. Genetic causes and treatment of isolated growth hormone deficiency—An update. Nat. Rev.

Endocrinol. 2010, 6, 562–576. [CrossRef]
12. Blum, W.F.; Alherbish, A.; Alsagheir, A.; El Awwa, A.; Kaplan, W.; Koledova, E.; Savage, M.O. The growth hormone-insulin-like

growth factor-I axis in the diagnosis and treatment of growth disorders. Endocr. Connect. 2018, 7, R212–R222. [CrossRef]
13. Casteras, A.; Kratzsch, J.; Ferrandez, A.; Zafon, C.; Carrascosa, A.; Mesa, J. Clinical challenges in the management of isolated GH

deficiency type IA in adulthood. Endocrinol. Diabetes Metab. Case. Rep. 2014, 2014, 130057. [CrossRef] [PubMed]
14. Kelberman, D.; Dattani, M.T. The role of transcription factors implicated in anterior pituitary development in the aetiology of

congenital hypopituitarism. Ann. Med. 2006, 38, 560–577. [CrossRef] [PubMed]
15. Kowarski, A.A.; Schneider, J.; Ben-Galim, E.; Weldon, V.V.; Daughaday, W.H. Growth failure with normal serum RIA-GH and low

somatomedin activity: Somatomedin restoration and growth acceleration after exogenous GH. J. Clin. Endocrinol. Metab. 1978, 47,
461–464. [CrossRef] [PubMed]

16. Takahashi, Y.; Kaji, H.; Okimura, Y.; Goji, K.; Abe, H.; Chihara, K. Brief report: Short stature caused by a mutant growth hormone.
N. Engl. J. Med. 1996, 334, 432–436. [CrossRef] [PubMed]

17. Besson, A.; Salemi, S.; Deladoey, J.; Vuissoz, J.M.; Eble, A.; Bidlingmaier, M.; Burgi, S.; Honegger, U.; Fluck, C.; Mullis, P.E. Short
stature caused by a biologically inactive mutant growth hormone (GH-C53S). J. Clin. Endocrinol. Metab. 2005, 90, 2493–2499.
[CrossRef] [PubMed]

http://doi.org/10.1016/j.ghir.2007.11.004
http://www.ncbi.nlm.nih.gov/pubmed/18182313
http://doi.org/10.1136/archdischild-2013-304829
http://www.ncbi.nlm.nih.gov/pubmed/24599067
http://doi.org/10.1097/GIM.0b013e3181a7e8f8
http://www.ncbi.nlm.nih.gov/pubmed/19451827
http://doi.org/10.1542/peds.87.1.82
http://doi.org/10.6065/apem.2040064.032
http://www.ncbi.nlm.nih.gov/pubmed/32615685
http://doi.org/10.1002/ajhb.1310050603
http://doi.org/10.1530/JOE-13-0477
http://doi.org/10.1038/nrendo.2010.147
http://doi.org/10.1530/EC-18-0099
http://doi.org/10.1530/EDM-13-0057
http://www.ncbi.nlm.nih.gov/pubmed/24683479
http://doi.org/10.1080/07853890600994963
http://www.ncbi.nlm.nih.gov/pubmed/17438671
http://doi.org/10.1210/jcem-47-2-461
http://www.ncbi.nlm.nih.gov/pubmed/263308
http://doi.org/10.1056/NEJM199602153340704
http://www.ncbi.nlm.nih.gov/pubmed/8552145
http://doi.org/10.1210/jc.2004-1838
http://www.ncbi.nlm.nih.gov/pubmed/15713716


Endocrines 2022, 3 743

18. Dattani, M.T. Growth hormone deficiency and combined pituitary hormone deficiency: Does the genotype matter? Clin.
Endocrinol. 2005, 63, 121–130. [CrossRef]

19. Flemming, G.M.; Klammt, J.; Ambler, G.; Bao, Y.; Blum, W.F.; Cowell, C.; Donaghue, K.; Howard, N.; Kumar, A.; Sanchez, J.; et al.
Functional characterization of a heterozygous GLI2 missense mutation in patients with multiple pituitary hormone deficiency. J.
Clin. Endocrinol. Metab. 2013, 98, E567–E575. [CrossRef]

20. Cohen, L.E.; Radovick, S. Other transcription factors and hypopituitarism. Rev. Endocr. Metab. Disord. 2002, 3, 301–311. [CrossRef]
21. Melmed, S.; Keonig, R.; Rosen, C.; Auchus, R.; Goldfine, A. Williams Textbook of Endocrinology, 14th ed.; Elsevier: Philadelphia, PA,

USA, 2020; p. 1792.
22. Schilter, K.F.; Schneider, A.; Bardakjian, T.; Soucy, J.F.; Tyler, R.C.; Reis, L.M.; Semina, E.V. OTX2 microphthalmia syndrome: Four

novel mutations and delineation of a phenotype. Clin. Genet. 2011, 79, 158–168. [CrossRef]
23. Diaczok, D.; Romero, C.; Zunich, J.; Marshall, I.; Radovick, S. A novel dominant negative mutation of OTX2 associated with

combined pituitary hormone deficiency. J. Clin. Endocrinol. Metab. 2008, 93, 4351–4359. [CrossRef]
24. Wit, J.M.; Oostdijk, W.; Losekoot, M.; van Duyvenvoorde, H.A.; Ruivenkamp, C.A.; Kant, S.G. Mechanisms in Endocrinology:

Novel genetic causes of short stature. Eur. J. Endocrinol. 2016, 174, R145–R173. [CrossRef] [PubMed]
25. Hwa, V.; Fujimoto, M.; Zhu, G.; Gao, W.; Foley, C.; Kumbaji, M.; Rosenfeld, R.G. Genetic causes of growth hormone insensitivity

beyond GHR. Rev. Endocr. Metab. Disord. 2021, 22, 43–58. [CrossRef] [PubMed]
26. Urbach, S.; O’Gorman, C.; Alabdulrazzaq, D. Case 2: Hypoglycemia and micropenis in the newborn-hormonal red flags. Paediatr.

Child. Health 2009, 14, 453–456. [CrossRef]
27. Pena-Almazan, S.; Buchlis, J.; Miller, S.; Shine, B.; MacGillivray, M. Linear growth characteristics of congenitally GH-deficient

infants from birth to one year of age. J. Clin. Endocrinol. Metab. 2001, 86, 5691–5694. [CrossRef]
28. De Luca, F.; Bernasconi, S.; Blandino, A.; Cavallo, L.; Cisternino, M. Auxological, clinical and neuroradiological findings in infants

with early onset growth hormone deficiency. Acta Paediatr. 1995, 84, 561–565. [CrossRef] [PubMed]
29. Wit, J.M.; van Unen, H. Growth of infants with neonatal growth hormone deficiency. Arch. Dis. Child. 1992, 67, 920–924.

[CrossRef] [PubMed]
30. Kucharczyk, W. Etiology of congenital growth hormone deficiency. Am. J. Neuroradiol. 2000, 21, 999–1000.
31. Hamilton, J.; Blaser, S.; Daneman, D. MR imaging in idiopathic growth hormone deficiency. Am. J. Neuroradiol. 1998, 19,

1609–1615.
32. Aimaretti, G.; Ambrosio, M.R.; Benvenga, S.; Borretta, G.; De Marinis, L.; De Menis, E.; Di Somma, C.; Faustini-Fustini, M.;

Grottoli, S.; Gasco, V.; et al. Hypopituitarism and growth hormone deficiency (GHD) after traumatic brain injury (TBI). Growth
Horm. IGF Res. 2004, 14 (Suppl. A), S114–S117. [CrossRef]

33. Alatzoglou, K.S.; Webb, E.A.; Le Tissier, P.; Dattani, M.T. Isolated growth hormone deficiency (GHD) in childhood and adolescence:
Recent advances. Endocr. Rev. 2014, 35, 376–432. [CrossRef]

34. Einaudi, S.; Bondone, C. The effects of head trauma on hypothalamic-pituitary function in children and adolescents. Curr. Opin.
Pediatr. 2007, 19, 465–470. [CrossRef] [PubMed]

35. Haymond, M.; Kappelgaard, A.M.; Czernichow, P.; Biller, B.M.; Takano, K.; Kiess, W.; Global Advisory Panel Meeting on the
Effects of Growth Hormone. Early recognition of growth abnormalities permitting early intervention. Acta Paediatr. 2013, 102,
787–796. [CrossRef] [PubMed]

36. Oostdijk, W.; Grote, F.K.; de Muinck Keizer-Schrama, S.M.; Wit, J.M. Diagnostic approach in children with short stature. Horm.
Res. 2009, 72, 206–217. [CrossRef] [PubMed]

37. Growth Hormone Research, S. Consensus guidelines for the diagnosis and treatment of growth hormone (GH) deficiency in
childhood and adolescence: Summary statement of the GH Research Society. J. Clin. Endocrinol. Metab. 2000, 85, 3990–3993.
[CrossRef]

38. Halac, I.; Zimmerman, D. Evaluating short stature in children. Pediatr. Ann. 2004, 33, 170–176. [CrossRef]
39. Braziuniene, I.; Wilson, T.A.; Lane, A.H. Accuracy of self-reported height measurements in parents and its effect on mid-parental

target height calculation. BMC Endocr. Disord. 2007, 7, 2. [CrossRef]
40. Rose, S.R.; Vogiatzi, M.G.; Copeland, K.C. A general pediatric approach to evaluating a short child. Pediatr. Rev. 2005, 26, 410–420.

[CrossRef]
41. Richmond, E.J.; Rogol, A.D. Growth hormone deficiency in children. Pituitary 2008, 11, 115–120. [CrossRef]
42. Allen, D.B.; Cuttler, L. Treatment of Short Stature. N. Engl. J. Med. 2013, 368, 1220–1228. [CrossRef]
43. Collett-Solberg, P.F.; Ambler, G.; Backeljauw, P.F.; Bidlingmaier, M.; Biller, B.M.K.; Boguszewski, M.C.S.; Cheung, P.T.; Choong,

C.S.Y.; Cohen, L.E.; Cohen, P.; et al. Diagnosis, Genetics, and Therapy of Short Stature in Children: A Growth Hormone Research
Society International Perspective. Horm. Res. Paediatr. 2019, 92, 1–14. [CrossRef]

44. Shalet, S.M.; Toogood, A.; Rahim, A.; Brennan, B.M. The diagnosis of growth hormone deficiency in children and adults. Endocr.
Rev. 1998, 19, 203–223. [CrossRef] [PubMed]

45. Ibba, A.; Corrias, F.; Guzzetti, C.; Casula, L.; Salerno, M.; di Iorgi, N.; Tornese, G.; Patti, G.; Radetti, G.; Maghnie, M.; et al. IGF1
for the diagnosis of growth hormone deficiency in children and adolescents: A reappraisal. Endocr. Connect. 2020, 9, 1095–1102.
[CrossRef] [PubMed]

http://doi.org/10.1111/j.1365-2265.2005.02289.x
http://doi.org/10.1210/jc.2012-3224
http://doi.org/10.1023/A:1020997423195
http://doi.org/10.1111/j.1399-0004.2010.01450.x
http://doi.org/10.1210/jc.2008-1189
http://doi.org/10.1530/EJE-15-0937
http://www.ncbi.nlm.nih.gov/pubmed/26578640
http://doi.org/10.1007/s11154-020-09603-3
http://www.ncbi.nlm.nih.gov/pubmed/33029712
http://doi.org/10.1093/pch/14.7.453a
http://doi.org/10.1210/jcem.86.12.8068
http://doi.org/10.1111/j.1651-2227.1995.tb13695.x
http://www.ncbi.nlm.nih.gov/pubmed/7633154
http://doi.org/10.1136/adc.67.7.920
http://www.ncbi.nlm.nih.gov/pubmed/1519958
http://doi.org/10.1016/j.ghir.2004.03.025
http://doi.org/10.1210/er.2013-1067
http://doi.org/10.1097/MOP.0b013e3281ab6eeb
http://www.ncbi.nlm.nih.gov/pubmed/17630613
http://doi.org/10.1111/apa.12266
http://www.ncbi.nlm.nih.gov/pubmed/23586744
http://doi.org/10.1159/000236082
http://www.ncbi.nlm.nih.gov/pubmed/19786792
http://doi.org/10.1515/JPEM.2001.14.4.377
http://doi.org/10.3928/0090-4481-20040301-08
http://doi.org/10.1186/1472-6823-7-2
http://doi.org/10.1542/pir.26.11.410
http://doi.org/10.1007/s11102-008-0105-7
http://doi.org/10.1056/NEJMcp1213178
http://doi.org/10.1159/000502231
http://doi.org/10.1210/edrv.19.2.0329
http://www.ncbi.nlm.nih.gov/pubmed/9570037
http://doi.org/10.1530/EC-20-0347
http://www.ncbi.nlm.nih.gov/pubmed/33112822


Endocrines 2022, 3 744

46. Geffner, M.; Lundberg, M.; Koltowska-Haggstrom, M.; Abs, R.; Verhelst, J.; Erfurth, E.M.; Kendall-Taylor, P.; Price, D.A.; Jonsson,
P.; Bakker, B. Changes in height, weight, and body mass index in children with craniopharyngioma after three years of growth
hormone therapy: Analysis of KIGS (Pfizer International Growth Database). J. Clin. Endocrinol. Metab. 2004, 89, 5435–5440.
[CrossRef] [PubMed]

47. Grimberg, A.; DiVall, S.A.; Polychronakos, C.; Allen, D.B.; Cohen, L.E.; Quintos, J.B.; Rossi, W.C.; Feudtner, C.; Murad, M.H.;
Drug and Therapeutics Committee and Ethics Committee of the Pediatric Endocrine Society. 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, 361–397. [CrossRef] [PubMed]

48. Kamoun, C.; Hawkes, C.P.; Grimberg, A. Provocative growth hormone testing in children: How did we get here and where do we
go now? J. Pediatr. Endocrinol. Metab. 2021, 34, 679–696. [CrossRef] [PubMed]

49. Wagner, I.V.; Paetzold, C.; Gausche, R.; Vogel, M.; Koerner, A.; Thiery, J.; Arsene, C.G.; Henrion, A.; Guettler, B.; Keller, E.;
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, 389–397. [CrossRef]

50. Alatzoglou, K.S.; Turton, J.P.; Kelberman, D.; Clayton, P.E.; Mehta, A.; Buchanan, C.; Aylwin, S.; Crowne, E.C.; Christesen, H.T.;
Hertel, N.T.; et al. Expanding the spectrum of mutations in GH1 and GHRHR: Genetic screening in a large cohort of patients with
congenital isolated growth hormone deficiency. J. Clin. Endocrinol. Metab. 2009, 94, 3191–3199. [CrossRef]

51. Nwosu, B.U.; Jasmin, G.; Parajuli, S.; Rogol, A.D.; Wallace, E.C.; Lee, A.F. Long-term GH Therapy Does Not Advance Skeletal
Maturation in Children and Adolescents. J. Endocr. Soc. 2021, 5, bvab036. [CrossRef]

52. Richmond, E.; Rogol, A.D. Treatment of growth hormone deficiency in children, adolescents and at the transitional age. Best Pract.
Res. Clin. Endocrinol. Metab. 2016, 30, 749–755. [CrossRef]

53. Thornton, P.S.; Maniatis, A.K.; Aghajanova, E.; Chertok, E.; Vlachopapadopoulou, E.; Lin, Z.; Song, W.; Christoffersen, E.D.;
Breinholt, V.M.; Kovalenko, T.; et al. Weekly Lonapegsomatropin in Treatment-Naive Children with Growth Hormone Deficiency:
The Phase 3 heiGHt Trial. J. Clin. Endocrinol. Metab. 2021, 106, 3184–3195. [CrossRef]

54. Saggese, G.; Baroncelli, G.I.; Bertelloni, S.; Barsanti, S. The effect of long-term growth hormone (GH) treatment on bone mineral
density in children with GH deficiency. Role of GH in the attainment of peak bone mass. J. Clin. Endocrinol. Metab. 1996, 81,
3077–3083. [CrossRef] [PubMed]

55. Blethen, S.L.; Allen, D.B.; Graves, D.; August, G.; Moshang, T.; Rosenfeld, R. Safety of recombinant deoxyribonucleic acid-derived
growth hormone: The National Cooperative Growth Study experience. J. Clin. Endocrinol. Metab. 1996, 81, 1704–1710. [PubMed]

56. Souza, F.M.; Collett-Solberg, P.F. Adverse effects of growth hormone replacement therapy in children. Arq. Bras. Endocrinol.
Metabol. 2011, 55, 559–565. [CrossRef] [PubMed]

57. Swerdlow, A.J.; Cooke, R.; Beckers, D.; Borgstrom, B.; Butler, G.; Carel, J.C.; Cianfarani, S.; Clayton, P.; Coste, J.; Deodati, A.; et al.
Cancer Risks in Patients Treated with Growth Hormone in Childhood: The SAGhE European Cohort Study. J. Clin. Endocrinol.
Metab. 2017, 102, 1661–1672. [CrossRef] [PubMed]

58. Molitch, M.E.; Clemmons, D.R.; Malozowski, S.; Merriam, G.R.; Vance, M.L.; Endocrine, S. Evaluation and treatment of adult
growth hormone deficiency: An Endocrine Society clinical practice guideline. J. Clin. Endocrinol. Metab. 2011, 96, 1587–1609.
[CrossRef] [PubMed]

http://doi.org/10.1210/jc.2004-0667
http://www.ncbi.nlm.nih.gov/pubmed/15531494
http://doi.org/10.1159/000452150
http://www.ncbi.nlm.nih.gov/pubmed/27884013
http://doi.org/10.1515/jpem-2021-0045
http://www.ncbi.nlm.nih.gov/pubmed/33838090
http://doi.org/10.1530/EJE-14-0165
http://doi.org/10.1210/jc.2008-2783
http://doi.org/10.1210/jendso/bvab036
http://doi.org/10.1016/j.beem.2016.11.005
http://doi.org/10.1210/clinem/dgab529
http://doi.org/10.1210/jcem.81.8.8768878
http://www.ncbi.nlm.nih.gov/pubmed/8768878
http://www.ncbi.nlm.nih.gov/pubmed/8626820
http://doi.org/10.1590/S0004-27302011000800009
http://www.ncbi.nlm.nih.gov/pubmed/22218437
http://doi.org/10.1210/jc.2016-2046
http://www.ncbi.nlm.nih.gov/pubmed/28187225
http://doi.org/10.1210/jc.2011-0179
http://www.ncbi.nlm.nih.gov/pubmed/21602453

	Introduction 
	Molecular Genetics 
	Clinical Presentation 
	Diagnostic Approach 
	Treatment 
	Conclusions 
	References

