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Abstract: Congenital growth hormone deficiency (GHD) is a rare disease caused by disorders affecting
the morphogenesis and function of the pituitary gland. It is sometimes found in isolation but is more
frequently associated with multiple pituitary hormone deficiency. In some cases, GHD may have a
genetic basis. The many clinical signs and symptoms include hypoglycaemia, neonatal cholestasis
and micropenis. Diagnosis should be made by laboratory analyses of the growth hormone and
other pituitary hormones, rather than by cranial imaging with magnetic resonance imaging. When
diagnosis is confirmed, hormone replacement should be initiated. Early GH replacement therapy
leads to more positive outcomes, including reduced hypoglycaemia, growth recovery, metabolic
asset, and neurodevelopmental improvements.

Keywords: newborn; growth hormone; growth hormone deficiency; congenital hypopituitarism;
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1. Introduction

Severe congenital growth hormone (GH) deficiency (GHD) in newborns is a rare
disease with a reported incidence of between 1:4000–1:10,000 and 1:20,000 newborns [1,2].
Congenital GHD is commonly secondary to anomalies in the morphogenesis and function
of the pituitary gland and is often associated with multiple pituitary hormone deficiency
(MPHD); nevertheless, GHD can also be isolated (IGHD) [1–5]. IGHD or MPHD may also
occur as a result of a genetic syndrome causing abnormalities in extra-pituitary structures
that have a common embryological origin to the pituitary gland [4–7]. Acquired forms of
GHD or MPHD may occur because of perinatal or neonatal events [6].

In 5–16% of cases, severe GHD or MPHD has an identifiable genetic basis [2,4]. Gen-
erally, genetic mutations in any of the genes involved in the development of the pituitary
gland can result in congenital IGHD or MPHD [2–13]. However, in most cases the disease’s
etiology is unknown, suggesting that other genes may also be implicated [6,8]. It is known
that mutations in genes involved in early hypothalamic-pituitary development (such as
HESX1, LHX3, LHX4, SOX2, SOX3, GLI2, OTX2) are associated with structural abnormali-
ties of the hypothalamic-pituitary axis, midline abnormalities, and extra-pituitary defects,
while mutations in genes involved in later stages of development (such as PROP1 and
POU1F1) correlate with phenotypes without extra-pituitary defects [14]. We also know that
different gene mutations can result in similar phenotypes, and that the same single genetic
mutation may be associated with different phenotypes [2,6,8,13]. Recessively inherited or
autosomal mutations in the gene coding for growth hormone (GH1) or in the gene coding
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the growth hormone releasing hormone receptor (GHRHR) are responsible for IGHD with
different phenotypes: type 1A with severe growth failure (GH1, autosomal recessive), type
1B with milder growth insufficiency (GH1, GHRHR, autosomal recessive), type 2 with
growth insufficiency, hypoplastic pituitary and potentially other hormone deficiencies
(GH1, autosomal dominant), and type 3 (other gene mutations X-linked inherited) [2–13].

Understanding the different phenotypes, morphological findings and abnormalities is
fundamental for establishing the disease’s etiology and for effective follow up [15,16]. The
genetic etiologies of GHD/MPHD are summarized in Table 1.

Table 1. Etiology and risk factors of neonatal IGHD/MPHD.

Congenital Perinatal/Neonatal

Congenital infections Breech delivery/asphyxia

Midline defect syndromes
(e.g., septo-optic dysplasia) Neonatal sepsis

Gene mutations *
* a detailed list of mutations and characteristics of genes involved in pituitary gland development are reported in
Table 2. GHD: growth hormone deficiency. MPHD: multiple pituitary hormone deficiency.

The aim of this review is to describe the etiology, clinical signs and symptoms, and
diagnosis of isolated GHD and MPHD. We highlight the importance of introducing effective
therapy during the neonatal period.
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Table 2. Mutated genes causing isolated GHD or MPHD, inheritance, radiological features and clinical presentation *.

Gene OMIM Genomic
Location Inheritance Clinical Presentation Radiological Presentation (MRI) IGHD MPHD

ISOLATED GROWTH HORMONE DEFICIENCY

GH1
Growth hormone 1 * 139250 17q23.3

1A: AR
1B: AR
2: AD

Postnatal severe (1A) or milder (1B) growth failure and
GHD

Normal/hypoplastic anterior pituitary
(AP) lobe (type 1A and 1B)
Ectopic posterior pituitary (PP) (type II)

+ + (type II)

GHRHR
* 139191 7p14.3 AR GHD symptoms, Milder growth insufficiency (1B) Normal/hypoplastic AP lobe + -Growth hormone releasing hormone

receptor

NON-SYNDROMIC HYPOPITUITARISM

PIT1 (POU1F1)
Pituitary specific positive

transcription factor 1
* 173110 3p11.2 AD, AR Hypopituitarism symptoms

No extra pituitary abnormalities Hypoplastic/normally sized AP lobe + +
(GH, PRL, TSH)

PROP1
Homeobox protein prophet of PIT1 * 601538 5q35.3 AR Hypopituitarism symptoms

No extra pituitary abnormalities Hypoplastic/normal or enlarged AP lobe +
+
(GH, TSH, PRL, LH,
FSH, ACTH *)

SYNDROMIC HYPOPITUITARISM
1. Septo-optic dysplasia (SOD) and its variants

HESX1
Homeobox expressed in ES cells 1 * 601802 13p14.3 AD, AR

SOD, IGHD to MPHD with or without optic nerve
hypoplasia and or mid-line brain abnormalities,
intellectual disability

Normal/hypoplastic/agenesis AP lobe,
ectopic PP lobe, agenesis PS, CC agenesis +

+
(GH, TSH, PRL, LH,
FSH, ACTH, DI)

SOX2
Sex determining region Y box 2 * 184429 3q26.33 AD

Micro-/anophthalmia, esophageal atresia, genital, dental
and brain anomalies, sensorineural hearing loss,
micropenis, intellectual disability

Hypoplastic AP lobe,
eutopic/ectopic/not visible PP lobe,
hypothalamic hamartoma

+ +
(LH, FSH, GH)

SOX3
Sex determining region Y box 3 * 313430 Xq27.1 X-Linked Craniofacial abnormalities with or without intellectual

disability, hearing impairment.
Hypoplastic AP lobe, agenesis/thin PS,
CC abnormalities +

+
(GH, TSH, ACTH, LH,
FSH)

OTX2
Orthodenticle homeobox 2 * 600037 14q22.3 AD Micro/anophthalmia, seizures, brain malformations,

intellectual disability, microcephaly, cleft palate
Hypoplastic/normal AP lobe, agenesis
PS, Chiari I malformation +

+
(GH, TSH, LH, FSH
ACTH)

PAX6
* 607108 11p13 AD Midline craniofacial malformations, ophthalmologic

abnormalities
Hypoplastic AP lobe +

+
(GH, ACTH, LH, FSH)Paired Box Gene 6

BMP4
* 112262 14q22.2 AR

Macrocephaly, mild psychomotor retardation, skeletal
malformations, anophthalmia/microphthalmia

Hypoplastic AP lobe, ectopic/not visible
PP lobe, CC abnormalities

- +Bone morphogenetic proteins

FGFR1
Fibroblast growth factor receptor 1 * 136350 8p11.23 AD SOD, midline craniofacial and hand malformations,

seizures, Kallmann syndrome

Normal or hypoplastic AP lobe,
ectopic/eutopic PP lobe,
normal/thin/agenesis PS, CC agenesis

-
+
(GH, TSH, ACTH, LH,
FSH, DI)

ARNT2
* 606036 15q25.1 AR Eye malformations, microcephaly, renal abnormalities,

seizures
Hypoplastic AP lobe, ectopic PP, thin PS,
CC abnormalities

+
+
(DI, ACTH, GH, TSH)Aryl hydrocarbon receptor nuclear

translocator 2

PROKR2
* 607123 20p12.3 AD, AR Neonatal hypoglycemia, micropenis, SOD, Hirschsprung

disease, microcephaly, epilepsy
Hypoplastic AP lobe, ectopic/eutopic PP
lobe, agenesis PS, hypoplastic CC + ◦

+
(GH, TSH, ACTH)Prokineticin receptor 2
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Table 2. Cont.

Gene OMIM Genomic
Location Inheritance Clinical Presentation Radiological Presentation (MRI) IGHD MPHD

2. Holoprosencephaly

GLI2
Zinc finger protein 2 * 165230 2q14.2 AD Holoprosencephaly, anophthalmia, cleft lip/palate,

midline malformations, imperforate anus, renal agenesis
AP hypoplasia, ectopic/not visible PP
lobe +

+
(GH, TSH, ACTH, LH,
FSH)

FGF8
Fibroblast growth factor 8 * 600483 10q24.32 AD, AR Holoprosencephaly, SOD, Kallmann Syndrome, Moebius

syndrome, microcephaly, spastic diplegia
Enlarged/normal AP lobe, eutopic PP
lobe +

+
(LH, FSH, TSH,
ACTH, DI, GH ˆ)

3. Pituitary stalk interruption syndrome

GPR161
G Protein-Coupled Receptor 161 * 612250 1q24.2

AR
Facial (congenital ptosis, alopecia) and hands (syndactyly,
nail hypoplasia), dysmorphisms

Hypoplastic AP lobe, ectopic PP lobe,
pituitary stalk interruption syndrome
described

+ ◦ +
(GH, TSH, ADH)

PROKR2
Prokineticin receptor 2 * 607123 20p12.3 AD, AR Neonatal hypoglycemia, micropenis, SOD, Hirschsprung

disease, microcephaly, epilepsy

Hypoplastic AP lobe, ectopic/eutopic PP
lobe, agenesis PS, hypoplastic corpus
callosum

+ ◦ +
(GH, TSH, ACTH)

OTX2
Orthodenticle homeobox 2 * 600037 14q22.3 AD Micro/anophthalmia, seizures, brain malformations,

intellectual disability, microcephaly, cleft palate
Hypoplastic/normal AP lobe, agenesis
PS, Chiari I malformation +

+
(GH, TSH, LH, FSH
ACTH)

4. Other syndromes

CHD7
Chromodomain Helicase DNA

Binding Protein 7
* 608892 8q12.2 AD

CHARGE syndrome (Coloboma of the eye, Heart defects,
Atresia of the choanae, Retardation of growth and
development, Genital hypoplasia and Ear and hearing
abnormalities)

AP hypoplasia + +
(GH, TSH, FSH, LH)

GLI3
Zinc finger protein 3 * 165240 7p14.1 AD

Pallister–Hall syndrome: polydactyly, bifid epiglottis,
hypothalamic hamartoma, pituitary dysfunction,
imperforate anus.

Hypothalamic hamartoma, AP
hypoplasia +

+
(GH, TSH, LH, FSH,
ACTH)

IGSF1
* 300137 Xq25 X-linked Macroorchidism, delay in puberty Normal + **

+
(GH, TSH, PRL)Immunoglobulin superfamily 1

LHX3
LIM/homeobox protein 3 * 600577 9q34.3 AR Spine abnormalities (short rigid cervical spine), variable

degrees of sensorineural hearing loss Enlarged/normal/hypoplastic AP lobe +
+
(GH, TSH, LH, FSH,
PRL)

LHX4
LIM/homeobox protein 4 * 602146 1q25.2 AD Cerebellar abnormalities

Enlarged//hypoplastic AP lobe,
agenesis PS, pituitary cysts, small sella
turcica, cerebellar anomalies

+ +
(GH, TSH, ACTH)

NFKB2
* 164012 10q24.32 AD Variable Immune deficiency Enlarged/normal/hypoplastic AP lobe, +

+
(ACTH, GH, TSH)Nuclear Factor Kappa-B, Subunit 2
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Table 2. Cont.

Gene OMIM Genomic
Location Inheritance Clinical Presentation Radiological Presentation (MRI) IGHD MPHD

PITX2
Paired-Like Homeodomain

Transcription Factor 2
* 601542 4q25 AD

Axenfeld—Rieger syndrome: anterior eye chamber,
dental hypoplasia, craniofacial dysmorphism,
protuberant umbilicus

Hypoplastic AP lobe, hypoplasia of sella
turcica + +

(GH, LH, FSH)

CDON
Cell adhesion molecule related/down

regulated by oncogenes
* 608707 11q24.2 AD Holoprosencephaly; possibly congenital heart disease,

renal dysplasia, radial defects, gallbladder agenesis

Hypoplastic AP lobe, ectopic/eutopic PP,
pituitary stalk interruption syndrome
described

+ +
(GH, TSH, ACTH)

KCNQ1
Potassium Voltage-Gated Channel

Subfamily Q Member 1
* 604115 11p15.5 AR Gingival fibromatosis, mild craniofacial dysmorphic

features, short QT syndrome
Normal/small hypophysis, thin stalk +

+
(GH, TSH, LH, FSH,
ACTH)

RAX
Retina and Anterior Neural Fold

Homeobox Gene
* 601881 18q21.32 AR Anophthalmia, microphthalmia and palatal anomalies

(bilateral cleft lip and palate) Aplastic pituitary -
+
(GH, TSH, LH, FSH,
ACTH, DI)

ROBO1
* 602430 3p12.3 AD Eye anomalies (strabismus, ptosis) Small/absent AP lobe, ectopic or absent

PP lobe, interrupted or absent stalk + ◦
+
(GH, TSH)Roundabout Guidance Receptor 1

MAGEL2
* 605283 15q11.2 AD

Hypotonia, obesity, developmental delay, contractures
and dysmorphisms

Small PP lobe, thin CC, optic nerve
hypoplasia +

+
(GHD, ACTH, ADH)Mage-Like 2

L1CAM
* 308840 Xq28 XLR Arthrogryposis Partial agenesis of CC + -

L1 Cell Adhesion Molecule

RNPC3
RNA Binding Region (RNP1,

RRM) Containing 3
* 618016 1p21.1 AR Typical phenotypic features of GHD Pituitary hypoplasia + -

TCF7L1
Transcription Factor 7 Like 1 * 604652 2p11.2 AD SOD

Absent PP lobe, AP hypoplasia, optic
nerve hypoplasia, partial agenesis of CC,
thin anterior commissure

+ ◦ + ◦

TGIF1
* 602630 18p11.31 AD Holoprosencephaly, midline cranial malformations Hypoplastic AP lobe, ectopic PP lobe + +TGFB Induced Factor Homeobox 1

SIX3 2p21

FOXA2
* 600288 20p11.21 Deletion Congenital hyperinsulinism and hypoglycemia Small shallow sella, ectopic PP lobe,

interrupted or absent stalk +
+
(GH, TSH, ACTH)Forkhead Box A2

TBC1D32
* 615867 6q22.31 AR

Oro-facial-digital syndrome: retinal dystrophy,
developmental delay, facial dysmorphisms

Hypoplastic AP lobe, ectopic or absent
PP lobe, CC agenesis + +TBC1 Domain Family, Member 32

EIF2S3
Eukaryotic Translation Initiation

Factor 2, Subunit 3
* 300161 Xp22.11 XLR

MEHMO syndrome: profound intellectual disability,
microcephaly, growth delay, hypogenitalism, obesity,
early-onset diabetes, epilepsy

Hypoplastic AP lobe, white matter loss + +
(GH, TSH)

IFT172
* 607386 2p23.3 AR Retinopathy, metaphyseal dysplasia, and hypertension

with renal failure
Hypoplastic AP lobe, ectopic PP lobe + -

Intraflagellar Transport 172

LAMB2
* 150325 3p21.31 AR

Optic nerve hypoplasia, focal segmental
glomerulosclerosis Hypoplastic AP lobe + -

Laminin, Beta-2

MRI: magnetic resonance imaging; IGHD = isolated growth hormone deficiency; MPHD = multiple pituitary hormone deficiencies; AP: anterior pituitary; PS = pituitary stalk; PP =
posterior pituitary; SOD = septo optic dysplasia. XLR: X-linked recessive * https://www.genecards.org/ (accessed on 10 June 2023). * Evolving ACTH deficiency with time; ˆ Borderline
peak GH concentration; ◦ Rarely reported in the literature; ** transient/partial.
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2. Clinical Presentation

GHD can be isolated (IGHD) or associated with other hormone deficiencies (MPHD).
Pituitary deficiencies can involve all the pituitary hormones, including the antidiuretic
hormone (ADH) responsible for central or neurogenic diabetes insipidus (DI) [4,7].

Patients have varied and heterogeneous symptoms, according to the severity and
number of hormones affected (Table 3). The most common symptoms in newborns are hy-
poglycaemia, midline abnormalities, micropenis, and prolonged jaundice with cholestasis.
Neurological symptoms and psychomotor delay are possible and range from focal deficits
to global developmental delay, depending on the underlying genetical anomaly [17].

Table 3. Symptoms and signs suggestive for IGHD/MPHD.

Symptoms and Signs IGHD MPHD (Hormone Deficit)

Hypoglycaemia (with and
without seizures)

√ √
(GH, ACTH, TSH *)

Poor feeding
√ √

(GH, ACTH, TSH)
Poor weight gain

√ √
(GH, ACTH, DI)

Lethargy
√ √

(GH, ACTH, TSH)
Cholestasis

√ √
(GH, ACTH, TSH)

Prolonged jaundice
Conjugated

√ √
(GH, ACTH, TSH)

Unconjugated -
√

(TSH)
Hepatitis

√ √
(GH, ACTH, TSH)

Seizures without
hypoglycaemia -

√
(ACTH)

Jitteriness
√ √

(GH, ACTH)
Cryptorchidism/scrotal
hypoplasia -

√
(GH, gonadotropin)

Micropenis
√ √

(GH, gonadotropin)
Breech presentation

√ √
(GH, TSH)

Temperature dysregulation -
√

(TSH)
Electrolyte abnormalities -

√
(ACTH)

Haemodynamic instability -
√

(ACTH)
Respiratory distress -

√
(ACTH, TSH)

Apnoea -
√

(ACTH)
Polyuria -

√
(DI)

Polydipsia -
√

(DI)
Cyanosis

√ √
(GH, ACTH, TSH ˆ)

Hypotonia
√ √

(GH, ACTH, TSH)
Umbilical hernia -

√
(TSH)

Bradycardia -
√

(TSH)
Macroglossia -

√
(TSH)

Dry skin -
√

(TSH)
Constipation -

√
(TSH)

Neonatal and recurrent sepsis -
√

(ACTH)
* Rarely reported; ˆ peripheral cyanosis. GHD: growth hormone deficiency. MPHD: multiple pituitary hormone
deficiency.

During the neonatal period, the most frequent presenting feature of congenital GHD
is severe hypoglycaemia [18] persisting beyond three days, often in the absence of hyperin-
sulinism, which may be associated with seizures leading to potential brain damage [1–10].
This suggests that during the perinatal period, together with cortisol, GH is essential for
the regulation of glucose homeostasis [6]. The incidence of hypoglycaemia does not appear
to correlate with birth size or severity of GHD, but with the presence of an additional
hormone deficiency, particularly with concomitant adrenocorticotropic hormone (ACTH)
deficiency [3].

Another typical clinical feature of GHD is the presence at birth, in affected boys, of
a micropenis [19–21], defined according to a −2.5 standard deviation (SD) cut-off from
the mean value. This may result from IGHD or, more frequently, from combined GH and
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gonadotropin deficiencies [6]. The micropenis may improve when treatment with GH is
initiated, suggesting that GH may be critical in penile growth in foetal and early postnatal
life [4,6,7].

Some children with GHD or MPHD present with neonatal cholestasis with normal
liver parameters and normal gamma-glutamyl transferase levels [22–27], as first described
in 1956 [28]; for the review: see [29]. The exact cause of this form of hepatitis is not well
understood, although GH has been shown to modulate bile acid synthesis and bile acid
secretion [22–26]. Central hypothyroidism and hypocortisolism have also been shown to
cause conjugated hyperbilirubinemia [29]. There could be several predisposing factors,
such as the immaturity of the hepatic excretory function, a susceptibility to viruses or
toxins, and a stereotypic response of the immature hepatocyte to injury [22,29]. Prolonged
neonatal jaundice may indicate central hypothyroidism [30] and cortisol deficiency can
also cause neonatal cholestatic hepatitis [31]. Cholestasis usually resolves spontaneously
during the first few months of life. Hormone replacement with GH, L-thyroxine (L-T4),
and hydrocortisone, in addition to routine intervention for cholestasis, for example with
ursodeoxycholic acid, seems to accelerate recovery [22,24,26].

Intrauterine growth is believed to be independent of GH action since most affected
newborns present with normal birth length. Some studies have reported early postnatal
growth failure, suggesting that GH may be a significant influence on linear growth in this
period [3,10,32–37].

3. Diagnosis

The diagnosis of GHD in neonates is based on clinical signs (hypoglycaemic seizures,
midline defects, micropenis) in combination with hormonal and laboratory parameters
indicating a deficiency of the pituitary hormones and/or radiological anomalies of the
pituitary gland (Table 3) [1–12]. A prompt recognition of affected neonates is fundamental,
as a delay in replacement therapy can have serious and even lethal consequences [6].

A careful and detailed medical history is mandatory to obtain information about
a possible etiology. Information should be gathered on potential predisposing factors,
including parental consanguinity, index cases, traumatic/breech birth, neonatal central
nervous system infection, and prenatal or birth asphyxia [38]. In a paper evaluating
children with hypopituitarism, 7.7% of patients with isolated GHD had a history suggestive
of birth asphyxia [39]. Physical examination is also fundamental; for example, height,
weight and head circumference should be measured in newborns. Fontanelle size, eyes,
microphallus and undescended testicles in males, cleft palate/lip, hepato-splenomegaly,
lymphadenopathy, jaundice, and malformations need to be assessed [39–41]. Although
the diagnosis of MPHD is typically established during the neonatal period, the initial
manifestation may occur later in the form of psychomotor delay. In the absence of signs
in the neonatal period, early diagnosis may be missed, which can lead to neurocognitive
impairment and neurological sequelae [40]. The thyroid hormone (TH) is critical for normal
brain development within the first 3 years of life, and a prompt diagnosis of hypothyroidism
means that treatment can be commenced immediately to avoid neurocognitive damage.
The data suggest that it is just as important to make an early diagnosis of GHD, so that
prompt treatment can be introduced to ensure normal brain development [42].

Conventional GH stimulation tests are not recommended because they can be danger-
ous under 12 months of age. Measuring random basal GH serum concentrations [4–7] can
confirm diagnosis. In the first week of life, infants have relative hypersomatotropism, with
random GH levels higher than older children and adults [5,7,43].

GH can be measured in serum or plasma during the first week of life, and thereafter in
the stored newborn screening card [5]. Because of GH assay variability, a random GH value
of ≤5 µg/L in the first week of life in a neonate with deficiency of other pituitary hormones
and hypoglycaemia or pituitary radiological abnormalities is sufficient to distinguish
infants with GHD [32,43,44]. Nevertheless, Binder et al. have suggested an ideal GH cut-off
of 7 µg/L during the first week after birth [5].
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In children, insulin-like growth factor-1 (IGF-1), and insulin-like binding protein-3
(IGFBP-3) are commonly used markers of GH secretion. In the neonatal period, Jensen
et al. [45] reported that low serum levels of these markers, below 2SD for days of life, have
a high sensitivity (90% for IGF-1 and 81% for IGFBP-3), suggesting that both IGF-1 and
IGFBP-3 can be utilized as auxiliary diagnostic tools for GHD [32,43,44].

In the hypothalamus–pituitary–thyroid axis, central congenital hypothyroidism (CH)
may be defined as inadequate TH production caused by quantitative or qualitative thyroid-
stimulating hormone (TSH) deficiency, leading to TH deficiency in target tissues [46,47].
Biochemically, the patients show FT4 concentrations below the reference range associated
with normal, low, or slightly elevated TSH levels [47]. The assumption that central CH
may be a mild condition has been refuted, and it is critical that neonates are diagnosed
shortly after birth. Unfortunately, the data show that most neonates with central CH are
diagnosed late, even though many are hospitalized in the first weeks of life for feeding
problems, hypoglycemia, or (prolonged) jaundice [46,47]. At present, only a few newborn
screening (NBS) programs detect central CH [47]. It is important to remember that, while
making a diagnosis of primary hypothyroidism based on elevated TSH is relatively simple,
diagnosing central CH is less straightforward, as it calls for the correct interpretation of
FT4 concentrations. If serum FT4 is clearly below the reference range, signs or symptoms of
hypothyroidism are present and/or the patient’s medical history is suggestive of hypotha-
lamic or pituitary damage or disease, diagnosis is easier [47], but in some patients, clear
signs or symptoms are absent and the medical history is uninformative [47].

The circadian rhythm is established at two [48] to after six months of age [49]; thus,
morning cortisol concentrations are not useful in evaluating ACTH deficiency in new-
borns [6]. Furthermore, low cortisol concentrations, even during a hypoglycaemia episode,
have too low a specificity for a diagnosis of adrenal insufficiency [50], and therefore a
dynamic assessment (both a low-dose and standard ACTH stimulation testing using tetra-
cosactide hexaacetate) is mandatory [6]. The correct dose of tetracosactide hexaacetate,
the optimal timing of blood samples of cortisol measurements, and the cut-off of the peak
cortisol concentration, have not been unequivocally established, but stimulated cortisol
concentrations ≥18 mg/dL (497 nmol/L) may be considered as indicative of a normal
hypothalamo–pituitary–adrenal axis [51].

Gonadotropic hormone deficiencies are confirmed by low levels of plasma gonadotropins,
and, in male infants, of testosterone and inhibin B [4,6,7].

Magnetic resonance imaging (MRI) of the pituitary gland can help identify congen-
ital and structural disorders [52–55]. With sagittal T1-weighted sequences, the posterior
pituitary appears as a hyperintense bright spot, while the anterior pituitary is similar in
signal intensity to grey matter [53,54]. The gland is proportionally larger in the neonatal
period than in childhood. Normal values for the pituitary gland in newborns are elsewhere
summarized [7]. A calibre of the stalk of less than 1 mm at any point is generally considered
thin [7,53].

Children diagnosed with GHD during the newborn period have a high incidence of
neuroanatomical anomalies of the hypothalamic–pituitary region, with a wide spectrum
of variations in pituitary anatomy [52–55]. The most common radiological findings are
ectopic posterior pituitary, hypoplastic or aplastic anterior pituitary and an absent or thin
pituitary stalk, and an empty sella, even if patients with a normal MRI have also been
reported [52–55].

In infants with isolated GHD, a normal or hypoplastic pituitary gland, empty sella
without anatomical abnormalities of the hypothalamus or pituitary stalk are the most
frequent imaging features, while a moderate-to-severe hypoplastic pituitary gland (pituitary
height≤ 3 mm) with ectopic posterior pituitary is more frequent in infants with MPHD [55].

In addition, other cerebral abnormalities, including optic nerve hypoplasia, absent
septum pellucidum, absent corpus callosum, or Chiari I malformation, have been associated
with MPHD [55].
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Finally, molecular studies may be fundamental for correctly evaluating patients [6].
Genetic studies should consider patient history and clinical data, as well as laboratory and
radiological findings [7,16].

4. Treatment and Follow-Up

A multidisciplinary team, including paediatricians, paediatric endocrinologists, geneti-
cists, radiologists, ophthalmologists, and neurologists, should follow and treat infants with
GHD [6]. Careful follow-up is mandatory, considering that additional hormone deficiencies
may develop, and suitable hormonal treatments could be necessary [4,6,7].

When MPHD is diagnosed, it is important to measure cortisol levels so that new-
borns with cortisol deficiency can start oral hydrocortisone [4,6,7]. In the case of stress or
significant illness, the dose should be doubled or tripled [4].

Oral L-T4 is the specific treatment for central hypothyroidism, starting with 50 µg/m2

per day or 6–8 to 10/15 microgram/kg/day with the aim of keeping free thyroxine levels in
the upper normal range [4,6,56,57]. After starting treatment, the dose needs to be monitored
by measuring free thyroid hormone concentrations. TSH levels should not be monitored as
the patients are TSH-deficient [4,6,56]. Higher L-T4 doses will be needed in newborns with
cholestasis due to malabsorption [57,58]. Attention must be given to patients taking iron,
soy, calcium, and anticonvulsants [57,58], that can affect L-T4 absorption and thus should
not be co-administered [58]. Before starting treatment with L-T4, it is extremely important
to exclude cortisol deficiency, because L-T4 increases the basal metabolic rate, enhancing
cortisol clearance with the subsequent risk of precipitating an adrenal crisis [4,6,7].

In cholestatic infants, treatment with L-T4 and hydrocortisone could require higher
doses due to absorption deficiency; the dose should be reduced when cholestasis im-
proves [59].

The therapeutic approach for gonadotropic hormone deficiencies involves replac-
ing the corresponding sex-steroid, rather than the gonadotropins (testosterone injection,
dihydrotestosterone gel application or recombinant human gonadotropin subcutaneous
infusion) [4,6,7,60,61].

In newborns diagnosed with GHD, whether IGHD or MPHD, recombinant human
GH (r-hGH) replacement should be started. Since diagnosis is often delayed and treatment
started after the neonatal period [62], the data in the literature are very limited. Here, we
focus on the outcomes of early GH replacement treatment and attempt to determine the
best timing and dosage of replacement therapy.

When GHD is the recognized cause of persistent hypoglycaemia, replacement therapy
with r-hGH, contributes to hypoglycaemic recovery [63–65]. Costa et al. describe a child
with CHARGE syndrome in whom GHD was diagnosed in the second month of life due
to hypoglycaemic episodes: r-hGH was initiated at day 86 (30 µg/kg/day) suggesting
that treatment with GH may restore normal glucose homeostasis rather than maintain
normal linear growth [66]. Even in other syndromic conditions, the euglycaemic state can
be restored by r-hGH replacement. Bonfig et al. [67] describe a 1.5-month-old girl with
Turner syndrome and recurrent hypoglycaemia related to GHD: r-hGH therapy was started
at a dose of 25–30 µg/kg/day and subsequently doubled (50 µg/kg/day), until blood
glucose was normalized.

Early diagnosis and the fast replacement of r-hGH, in addition to increased energy
intake and other counterregulatory hormones, seems to prevent recurrent and prolonged
hypoglycaemia, although hypoglycaemia may occasionally present in older children during
stressful periods associated with reduced oral intake [4].

When GHD is recognized during the first years of life and r-hGH substitutive treatment
is started early, short-term and long-term studies demonstrate a marked catch-up growth
and significant height gain [34,42,68,69].

GH replacement does not only have a promoting effect on children’s growth but also
important metabolic effects [41]. Even at a young age, GHD may show subtle metabolic
changes that can adversely affect their future metabolic and atherogenic profile [42]. On the
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contrary, early treatment could have metabolic effects similar to those reported in patients
with Prader–Willi syndrome; in these patients, early r-hGH treatment, before the age of 2
years, is associated with improvements in body composition, motor function, height, and
lipid profiles, compared to those who are untreated [70,71]. Further studies are required to
clarify the effect of replacement therapy on metabolic asset in GHD infants.

Considering that GH plays an important role in early brain development, maturation,
and function, it can be hypothesized that delaying GH treatment could alter brain growth
and cognitive abilities [42,72–74]. Children diagnosed with congenital pituitary hormone
deficiencies may have lower-than-average cognitive functions, and specific difficulties with
perceptual organisation compared to siblings [67]. This could be due to various factors such
as hypoglycaemia in early life, thyroxine deficiency, or abnormal central nervous system
development [72].

Previous studies have reported that treatment with r-hGH, given at dosage of 0.3
µg/kg/day, in association with psychomotor and cognitive stimulation, clearly improves
neurodevelopment in children with cerebral palsy [75,76].

The “plastic” function of GH on neuronal structuring and development should be
carefully evaluated when considering whether to start r-hGH treatment early, especially
when there is a certain diagnosis of GHD but there are no symptoms of classical hormonal
deficiency [42]. Although data on GH dosage are scant, a dosage of 25–50 µg/kg/day has
been suggested during the first year of life [36,68–70].

Considering the lack of data for the neonatal period, careful monitoring is recom-
mended. A low frequency of side effects in older children (intracranial hypertension,
slipped capital femoral epiphysis, scoliosis progression) has been reported when r-hGH is
used at a conventional dosage [36].

When ACTH deficiency is suspected, hydrocortisone treatment should be started
immediately [4,6,7]. Hydrocortisone is the treatment of choice due to its less potent side
effects in terms of growth and bone health compared to other glucocorticoids [4,6,7]. The
starting dose is 9–12 mg/m2/day, divided into 3–4 doses; a dose higher than for older
infants because neonates have greater cortisol secretion rates [4,6,7]. Prior to hospital
discharge, families must be instructed about emergency dosing and dosing during illness
or periods of stress when a doubling or even tripling of the normal dose is required [4,6,7].
In cases of emergencies, poor tolerance of oral hydrocortisone, or a suspected adrenal
crisis, intramuscular hydrocortisone must be administered (<1 year 25 mg, 1–5 years 25–50
mg, >5 years 100 mg) and oral glucose should also be given to correct any associated
hypoglycaemia [4,6,7]. Patients who cannot tolerate oral hydrocortisone require hospital
admission for intravenous hydrocortisone (1–2 mg/kg every 4–6 h) [4,6,7]. In patients able
to tolerate oral hydrocortisone, a triple or double maintenance dose is recommended that
can be tapered to a lower dose after clinical improvement [4,6,7].

It is also important to highlight that cortisol deficiency can mask DI, as cortisol is
needed for water excretion. DI may develop after starting treatment with hydrocortisone,
and therefore close monitoring of fluid balance and electrolytes is important after starting
glucocorticoid therapy [51].

Novel treatments, such as continuous subcutaneous hydrocortisone infusion therapy,
which may be difficult in neonates due to limited subcutaneous fat for insertion of the can-
nula, and sustained release hydrocortisone preparations aimed at mimicking physiological
cortisol secretion, may become therapeutic options in the future [77].

In newborn male infants, the aim of androgen treatment is to ensure normal testicular
descent, improve penile length, and maximize fertility in later life. This treatment will have
to be resumed at the time of puberty. In newborns, early treatment is recommended, ideally
between 1 and 6 months of age. Testosterone can be given via intramuscular injections or
topical gel [60,78–80]. Testosterone injections (cypionate or enanthate) are commenced at
a recommended dose of 25 mg every 4 weeks for 3 months. This is followed by clinical
evaluation of the stretched penile length. Topical gel containing 5-α Dihydrotestosterone
(DHT) is also useful, and the recommended starting dose is 1 application (10 mg) every
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day for 3 months [78]. The carer who is applying the testosterone gel should wash their
hands immediately after administration with soap and water and, if the carer is a female,
the use of gloves is recommended. Cryptorchidism increases the risk of testicular neoplasia
and reduces fertility potential, therefore surgical correction (orchidopexy) is recommended
during the first 2 years of life, ideally by 18 months of age [81]. Treatment with LH and
FSH during the neonatal period is under investigation [82–84].

5. Conclusions

Congenital GHD comprises a spectrum of diseases that may cause an isolated defi-
ciency of GH or may be part of a syndrome of MPHD. Clinical manifestations are variable,
and include hypoglycemia, micropenis, and cholestasis, in addition to growth problems
that often appear later. Therapeutic management should evaluate the clinical signs and the
associated hormone deficiencies.

The aim of our work is to summarize the etiology, clinical presentation, diagnosis and
current state of therapy for GHD during the neonatal period. Given the wide spectrum
of phenotypes and considering that many of the presenting symptoms are non-specific,
identifying infants with congenital hypopituitarism is not always simple.

Nevertheless, early identification of GHD is important, because undiagnosed pituitary
hormone deficits can lead to significant morbidity and possible mortality.

Most studies have demonstrated the positive role of r-hGH replacement therapy in
children affected by GHD, but data on outcomes, timing, and dosage are scant. We strongly
recommend the early introduction of GH treatment in GHD, before growth retardation
becomes evident. There are clear metabolic and auxological benefits of early intervention.
Early diagnosis and the fast replacement of r-hGH seem to prevent recurrent and prolonged
hypoglycaemia. In combination with cortisol, this treatment promotes significant catch-up
growth.

We also underline that GH could have a plastic role on neuronal structuring during
the first years of life, and that untreated GHD could be damaging to brain structure and
psychological and neurological development. Further research into therapies for GHD in
the neonatal period should be encouraged.
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7. Kurtoğlu, S.; Özdemir, A.; Hatipoğlu, N. Neonatal Hypopituitarism: Approaches to Diagnosis and Treatment. J. Clin. Res. Pediatr.
Endocrinol. 2019, 11, 4–12. [CrossRef]

8. Alatzoglou, K.S.; Dattani, M.T. Genetic forms of hypopituitarism and their manifestation in the neonatal period. Early Hum. Dev.
2009, 85, 705–712. [CrossRef]

9. Ogilvy-Stuart, A.L. Growth hormone deficiency (GHD) from birth to 2 years of age: Diagnostic specifics of GHD during the early
phase of life. Horm. Res. 2003, 60, 2–9. [CrossRef] [PubMed]

10. Pinto, G.; Adan, L.; Souberbielle, J.C.; Thalassinos, C.; Brunelle, F.; Brauner, R. Idiopathic growth hormone deficiency: Presentation,
diagnostic and treatment during childhood. Ann. Endocrinol. 1999, 60, 224–231.

11. Vasques, G.A.; Andrade, N.L.M.; Correa, F.A.; Jorge, A.A.L. Update on new GH-IGF axis genetic defects. Arch. Endocrinol. Metab.
2019, 63, 608–617. [CrossRef] [PubMed]

12. Takagi, M.; Nagasaki, K.; Fujiwara, I.; Ishii, T.; Amano, N.; Asakura, Y.; Muroya, K.; Hasegawa, Y.; Adachi, M.; Hasegawa, T.
Heterozygous defects in PAX6 gene and congenital hypopituitarism. Eur. J. Endocrinol. 2015, 172, 37–45. [CrossRef]

13. Mullis, P.E. Genetics of Isolated Growth Hormone Deficiency. J. Clin. Res. Pediatr. Endocrinol. 2010, 2, 52–62. [CrossRef] [PubMed]
14. Gregory, L.C.; Dattani, M.T. The Molecular Basis of Congenital Hypopituitarism and Related Disorders. J. Clin. Endocrinol. Metab.

2020, 105, dgz184. [CrossRef]
15. Arrigo, T.; Wasniewska, M.; De Luca, F.; Valenzise, M.; Lombardo, F.; Vivenza, D.; Vaccaro, T.; Coradi, E.; Biason-Lauber,

A. Congenital adenohypophysis aplasia: Clinical features and analysis of the transcriptional factors for embryonic pituitary
development. J. Endocrinol. Investig. 2006, 29, 208–213. [CrossRef] [PubMed]

16. Crisafulli, G.; Aversa, T.; Zirilli, G.; De Luca, F.; Gallizzi, R.; Wasniewska, M. Congenital hypopituitarism: How to select the
patients for genetic analyses. Ital. J. Pediatr. 2018, 44, 47. [CrossRef] [PubMed]

17. Xatzipsalti, M.; Voutetakis, A.; Stamoyannou, L.; Chrousos, G.P.; Kanaka-Gantenbein, C. Congenital Hypopituitarism: Various
Genes, Various Phenotypes. Horm. Metab. Res. 2019, 51, 81–90. [CrossRef]

18. Bell, J.J.; August, G.P.; Blethen, S.L.; Baptista, J. Neonatal hypoglycemia in a growth hormone registry: Incidence and pathogenesis.
J. Pediatr. Endocrinol. Metab. 2004, 17, 629–635. [CrossRef]

19. Urzola, A.; Leger, J.; Czernichow, P. Three cases of congenital growth hormone deficiency with micropenis and hypospadias:
What does growth hormone have to do with it? Horm. Res. 1999, 51, 101–104. [CrossRef]

20. Cimador, M.; Catalano, P.; Ortolano, R.; Giuffrè, M. The inconspicuous penis in children. Nat. Rev. Urol. 2015, 12, 205–215.
[CrossRef]

21. Bouvattier, C. Micropénis [Micropenis]. Arch. Pediatr. 2014, 21, 665–669. [CrossRef]
22. Binder, G.; Martin, D.D.; Kanther, I.; Schwarze, C.P.; Ranke, M.B. The course of neonatal cholestasis in congenital combined

pituitary hormone deficiency. J. Pediatr. Endocrinol. Metab. 2007, 20, 695–702. [CrossRef]
23. Kaufman, F.R.; Costin, G.; Thomas, D.W.; Sinatra, F.R.; Roe, T.F.; Neustein, H.B. Neonatal cholestasis and hypopituitarism. Arch.

Dis. Child. 1984, 59, 787–789. [CrossRef]
24. Karnsakul, W.; Sawathiparnich, P.; Nimkarn, S.; Likitmaskul, S.; Santiprabhob, J.; Aanpreung, P. Anterior pituitary hormone

effects on hepatic functions in infants with congenital hypopituitarism. Ann. Hepatol. 2007, 6, 97–103. [CrossRef]
25. Sheehan, A.G.; Martin, S.R.; Stephure, D.; Scott, R.B. Neonatal cholestasis, hypoglycemia, and congenital hypopituitarism. J.

Pediatr. Gastroenterol. Nutr. 1992, 14, 426–430. [CrossRef] [PubMed]
26. Ueda, Y.; Aoyagi, H.; Tajima, T. A newborn with combined pituitary hormone deficiency developing shock and sludge. J. Pediatr.

Endocrinol. Metab. 2017, 30, 1333–1336. [CrossRef] [PubMed]
27. Gottesman, L.E.; Del Vecchio, M.T.; Aronoff, S.C. Etiologies of conjugated hyperbilirubinemia in infancy: A systematic review of

1692 subjects. BMC Pediatr. 2015, 15, 192. [CrossRef] [PubMed]
28. Blizzard, R.M.; Alberts, M. Hypopituitarism, hypoadrenalism, and hypogonadism in the newborn infant. J. Pediatr. 1956, 48,

782–792. [CrossRef] [PubMed]
29. Abu-Libdeh, A.; Abu-Libdeh, B.; Abdulhag, U.N. Neonatal Hypopituitarism: Unusual Presentation. J. Child Sci. 2017, 7,

e103–e105. [CrossRef]
30. Scommegna, S.; Galeazzi, D.; Picone, S.; Farinelli, E.; Agostino, R.; Bozzao, A.; Boscherini, B.; Cianfarani, S. Neonatal identification

of pituitary aplasia: A life-saving diagnosis. Review of five cases. Horm. Res. 2004, 62, 10–16. [CrossRef]
31. Gönç, E.N.; Kandemir, N.; Andiran, N.; Ozön, A.; Yordam, N. Cholestatic hepatitis as a result of severe cortisol deficiency in early

infancy: Report of two cases and review of literature. Turk. J. Pediatr. 2006, 48, 376–379. [PubMed]
32. Hawkes, C.P.; Grimberg, A. Measuring growth hormone and insulin-like growth factor-I in infants: What is normal? Pediatr.

Endocrinol. Rev. 2013, 11, 126–146.
33. Wit, J.M.; van Unen, H. Growth of infants with neonatal growth hormone deficiency. Arch. Dis. Child. 1992, 67, 920–924.

[CrossRef]
34. Antoniazzi, F.; Cavarzere, P.; Gaudino, R. Growth hormone and early treatment. Minerva. Endocrinol. 2015, 40, 129–143.
35. Chatelain, P. Dramatic early postnatal growth failure in children with early onset growth hormone deficiency. The International

Board of the Kabi Pharmacia International Growth Study. Acta. Paediatr. Scand. Suppl. 1991, 379, 100–112. [CrossRef] [PubMed]
36. Gluckman, P.D.; Gunn, A.J.; Wray, A.; Cutfield, W.S.; Chatelain, P.G.; Guilbaud, O.; Ambler, G.R.; Wilton, P.; Albertsson-

Wikland, K. Congenital idiopathic growth hormone deficiency associated with prenatal and early postnatal growth failure. The
International Board of the Kabi Pharmacia International Growth Study. J. Pediatr. 1992, 121, 920–923. [CrossRef]



Int. J. Mol. Sci. 2023, 24, 10114 13 of 14

37. Carel, J.C.; Huet, F.; Chaussain, J.L. Treatment of growth hormone deficiency in very young children. Horm. Res. 2003, 60, 10–17.
[CrossRef]

38. Al-Jurayyan, R.N.; Al-Issa, S.D.; AlKhalifah, R.A.; Al-Otaibi, H.M.; Al-Jurayyan, N.A. Congenital Hypopituitarism in Saudi
Arabia: Is it That Rare? Int. J. Pediatr. Neonat. Care 2018, 4, 145. [CrossRef]

39. Craft, W.H.; Underwoood, L.E.; Van Wyk, J.J. High incidence of perinatal insult in children with idiopathic hypopituitarism. J.
Pediatr. 1980, 96, 397–402. [CrossRef]

40. López Úbeda, M.; de Arriba Muñoz, A.; Abenia Usón, P.; Labarta Aizpún, J.I. Hypopituitarism: An uncommon cause of
developmental delay. Neurologia 2018, 33, 551–552. [CrossRef] [PubMed]

41. Rothermel, J.; Reinehr, T. Metabolic alterations in paediatric GH deficiency. Best Pract. Res. Clin. Endocrinol. Metab. 2016, 30,
757–770. [CrossRef]

42. Stagi, S.; Scalini, P.; Farello, G.; Verrotti, A. Possible effects of an early diagnosis and treatment in patients with growth hormone
deficiency: The state of art. Ital. J. Pediatr. 2017, 43, 81. [CrossRef]

43. Kurtoğlu, S.; Kondolot, M.; Mazicioğlu, M.M.; Hatipoğlu, N.; Akin, M.A.; Akyildiz, B. Growth hormone, insulin like growth
factor-1, and insulin-like growth factor-binding protein-3 levels in the neonatal period: A preliminary study. J. Pediatr. Endocrinol.
Metab. 2010, 23, 885–889. [CrossRef]

44. 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]

45. Jensen, R.B.; Jeppesen, K.A.; Vielwerth, S.; Michaelsen, K.F.; Main, K.M.; Skakkebaek, N.E.; Juul, A. Insulin-like growth factor I
(IGF-I) and IGF-binding protein 3 as diagnostic markers of growth hormone deficiency in infancy. Horm. Res. 2005, 63, 15–21.
[CrossRef] [PubMed]

46. Naafs, J.C.; Verkerk, P.H.; Fliers, E.; van Trotsenburg, A.S.P.; Zwaveling-Soonawala, N. Clinical and genetic characteristics of
Dutch children with central congenital hypothyroidism, early detected by neonatal screening. Eur. J. Endocrinol. 2020, 183,
627–636. [CrossRef] [PubMed]

47. Lauffer, P.; Zwaveling-Soonawala, N.; Naafs, J.C.; Boelen, A.; van Trotsenburg, A.S.P. Diagnosis and Management of Central
Congenital Hypothyroidism. Front. Endocrinol. 2021, 12, 686317. [CrossRef]

48. Kelly, A.; Tang, R.; Becker, S.; Stanley, C.A. Poor specificity of low growth hormone and cortisol levels during fasting hypoglycemia
for the diagnoses of growth hormone deficiency and adrenal insufficiency. Pediatrics 2008, 122, e522–e528. [CrossRef]

49. Cherella, C.; Cohen, L. Congenital Hypopituitarism in Neonates. NeoReviews 2018, 19, e742–e752. [CrossRef]
50. Shulman, D.I.; Palmert, M.R.; Kemp, S.F. Lawson Wilkins Drug and Therapeutics Committee. Adrenal insufficiency: Still a cause

of morbidity and death in childhood. Pediatrics 2007, 119, e484–e494. [CrossRef]
51. Oprea, A.; Bonnet, N.C.G.; Pollé, O.; Lysy, P.A. Novel insights into glucocorticoid replacement therapy for pediatric and adult

adrenal insufficiency. Ther. Adv. Endocrinol. Metab. 2019, 10, 2042018818821294. [CrossRef] [PubMed]
52. Jagtap, V.; Shrikrishna, V.; Sarathi, V.; Lila, A.R.; Budyal, S.R.; Kasaliwal, R.; Sankhe, S.S.; Bandgar, T.R.; Menon, P.S.; Shah,

N.S. Ectopic posterior pituitary and stalk Abnormality predicts severity and coexisting hormone deficiencies in patients with
congenital growth hormone deficiency. Pituitary 2012, 15, 243–250. [CrossRef] [PubMed]

53. Tsai, S.; Laffan, E. Congenital Growth Hormone Deficiency—A Review with a Focus on Neuroimaging. Eur. Endocrinol. 2013, 9,
136–140. [CrossRef] [PubMed]

54. Tsai, S.; Laffan, E.; Lawrence, S. A retrospective review of pituitary MRI findings in children on growth hormone therapy. Pediatr.
Radiol. 2012, 42, 799–804. [CrossRef]

55. Maghnie, M.; Lindberg, A.; Koltowska-Häggström, M.; Ranke, M.B. Magnetic resonance imaging of CNS in 15,043 children with
GH deficiency in KIGS (Pfizer International Growth Database). Eur. J. Endocrinol. 2013, 168, 211–217. [CrossRef]

56. Persani, L. Clinical review: Central hypothyroidism: Pathogenic, diagnostic, and therapeutic challenges. J. Clin. Endocrinol. Metab.
2012, 97, 3068–3078. [CrossRef]

57. Jonklaas, J.; Bianco, A.C.; Bauer, A.J.; Burman, K.D.; Cappola, A.R.; Celi, F.S.; Cooper, D.S.; Kim, B.W.; Peeters, R.P.; Rosenthal,
M.S.; et al. Guidelines for the treatment of hypothyroidism: Prepared by the american thyroid association task force on thyroid
hormone replacement. Thyroid 2014, 24, 1670–1751. [CrossRef]

58. Stagi, S.; Municchi, G.; Ferrari, M.; Wasniewska, M.G. An Overview on Different L-Thyroxine (l-T4) Formulations and Factors
Potentially Influencing the Treatment of Congenital Hypothyroidism During the First 3 Years of Life. Front. Endocrinol. 2022, 13,
859487. [CrossRef]

59. Higuchi, A.; Hasegawa, Y. Dose Adjustments of Hydrocortisone and L-thyroxine in Hypopituitarism Associated with Cholestasis.
Clin. Pediatr. Endocrinol. 2006, 15, 93–96. [CrossRef]

60. Bouvattier, C.; Maione, L.; Bouligand, J.; Dodé, C.; Guiochon-Mantel, A.; Young, J. Neonatal gonadotropin therapy in male
congenital hypogonadotropic hypogonadism. Nat. Rev. Endocrinol. 2011, 8, 172–182. [CrossRef]

61. Rey, R.A. Recent advancement in the treatment of boys and adolescents with hypogonadism. Ther. Adv. Endocrinol. Metab. 2022,
13, 20420188211065660. [CrossRef] [PubMed]

62. Cavarzere, P.; Biban, P.; Gaudino, R.; Perlini, S.; Sartore, L.; Chini, L.; Silvagni, D.; Antoniazzi, F. Diagnostic pitfalls in the
assessment of congenital hypopituitarism. J. Endocrinol. Invest. 2014, 37, 1201–1209. [CrossRef]



Int. J. Mol. Sci. 2023, 24, 10114 14 of 14

63. Thornton, P.S.; Stanley, C.A.; De Leon, D.D.; Harris, D.; Haymond, M.W.; Hussain, K.; Levitsky, L.L.; Murad, M.H.; Rozance,
P.J.; Simmons, R.A.; et al. Recommendations from the Pediatric Endocrine Society for Evaluation and Management of Persistent
Hypoglycemia in Neonates, Infants, and Children. J. Pediatr. 2015, 167, 238–245. [CrossRef]

64. Mehta, S.; Brar, P.C. Severe, persistent neonatal hypoglycemia as a presenting feature in patients with congenital hypopituitarism:
A review of our case series. J. Pediatr. Endocrinol. Metab. 2019, 32, 767–774. [CrossRef]

65. Narvey, M.R.; Marks, S.D. The screening and management of newborns at risk for low blood glucose. Paediatr. Child Health 2019,
24, 536–554. [CrossRef]

66. Costa, C.; Coutinho, E.; Santos-Silva, R.; Castro-Correia, C.; Lemos, M.C.; Fontoura, M. Neonatal presentation of growth hormone
deficiency in CHARGE syndrome: The benefit of early treatment on long-term growth. Arch. Endocrinol. Metab. 2020, 64, 487–491.
[CrossRef]

67. Bonfig, W.; Salem, N.J.; Heiliger, K.; Hempel, M.; Lederer, G.; Bornkamm, M.; Wieland, K.; Lohse, P.; Burdach, S.; Oexle, K.
Recurrent hypoglycemia due to growth hormone deficiency in an infant with Turner syndrome. J. Pediatr. Endocrinol. Metab. 2012,
25, 991–995. [CrossRef] [PubMed]

68. Arrigo, T.; De Luca, F.; Bernasconi, S.; Bozzola, M.; Cavallo, L.; Crisafulli, G.; Ghizzoni, L.; Maghnie, M.; Zecchino, C. Catch-up
growth and height prognosis in early treated children with congenital hypopituitarism. Horm. Res. 1995, 44 (Suppl. S3), 26–31.
[CrossRef]

69. Rappaport, R.; Mugnier, E.; Limoni, C. A 5-year prospective study of growth hormone (GH)-deficient children treated with GH
before the age of 3 years. J. Clin. Endocrinol. Metab. 1997, 82, 452–456. [CrossRef] [PubMed]
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