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prognoses. Pituitary stalk agenesis and ectopic posterior pituitary
(EPP) are specific markers of permanent GHD, and patients with
these MRI findings show a different clinical and endocrine outcome
compared to those with normal pituitary anatomy or hypoplastic
pituitary alone. Furthermore, the classic triad of ectopic posterior
pituitary gland, pituitary stalk hypoplasia/agenesis, and anterior pi-
tuitary gland hypoplasia is generally associated with permanent
GHD. T2 DRIVE images aid in the identification of pituitary stalk
without the use of contrast medium administration. Future de-
velopments in imaging techniques will undoubtedly reveal addi-
tional insights. Mutations in a number of genes encoding
transcription factors — such as HESX1, SOX2, SOX3, LHX3, LHX4,
PROP1, POU1F1, PITX, GLI3, GLI2, OTX2, ARNT2, IGSF1, FGF8, FGFR1,
PROKR2, PROK2, CHD7, WDR11, NFKB2, PAX6, TCF7L1, IFT72, GPR161
and CDON — have been associated with pituitary dysfunction and
abnormal pituitary gland development; the correlation of genetic
mutations to endocrine and MRI phenotypes has improved our
knowledge of pituitary development and management of patients
with hypopituitarism, both in terms of possible genetic counseling,
and of early diagnosis of evolving anterior pituitary hormone
deficiencies.

© 2016 Elsevier Ltd. All rights reserved.

Introduction

Growth hormone deficiency (GHD) may result from a failure of hypothalamic GHRH production or
release, from genetic or congenital disorders of pituitary development affecting either the somato-
trophs or the other pituitary specialized cells. GHD may be also secondary to central nervous system
(CNS) insults including tumors, surgery, trauma, radiation or infiltration from inflammatory diseases. It
may be isolated or it may occur in combination with other pituitary hormone deficiencies, and is often
referred to as hypopituitarism, combined pituitary hormone deficiency (CPHD), multiple pituitary
hormone deficiency (MPHD) or panhypopituitarism. Children without any identifiable cause of their
GHD are commonly labeled as having idiopathic hypopituitarism (Table 1).

Although the majority of subjects with hypopituitarism are idiopathic in origin, familial inheritance,
which may be either dominant, recessive or X-linked accounts for between 5 and 30% of all cases [1]. It
may present early in the neonatal period or later in childhood and may be associated with a number of
midline defects or extrapituitary abnormalities such as optic nerve hypoplasia, anophtalmia, micro-
phtalmia, agenesis of the corpus callosum, absence of the septum pellucidum, midbrain abnormalities,
and olfactory bulbs and tract hypoplasia or agenesis.

The pituitary gland is a complex organ secreting six hormones from five different cell types. The
anterior portion of pituitary gland forms from Rathke's pouch around the third week of gestation, and its
development is influenced by the expression of numerous transcription factors and signaling molecules.
Naturally occurring mutations and transgenic murine models have demonstrated a role for many of these
molecules in the etiology of congenital hypopituitarism. These consist of transcription factors and genes,
some of which have unknown functions, including HESX1, SOX2, SOX3, LHX3, LHX4, PROP1, POU1F1,
PITX, GLI3, GLI2, OTX2, ARNT2, IGSF1, FGF8, FGFR1, PROKR2, PROK2, CHD7, WDR11, NFKB2, PAX6, TCF7L1,
IFT72 (ciliopathy), GPR161 and CDON [1—33]. Mutations in any of the genes encoding these components
(no functional studies available for IFT72, GPR161, CDON) can lead to congenital hypopituitarism, which is
often associated with a wide spectrum of defects affecting craniofacial/midline development.

Many other genes that are required for normal pituitary function and for the control of the growth
hormone/insulin-like growth factor axis (secretion and synthesis of GH) have been identified. Ab-
normalities either in the synthesis or the activity of GH can cause a wide variation in the clinical
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Table 1
Etiologies of GHD.

Isolated GHD Genetic

e GH1 Mutations (GHD type 1A)

e GHRH Mutations (GHD type 1B)

e GH1 Mutations (GHD type II with evolving pituitary deficiencies)
e GHD type III (XL Agammaglobulinemia)
L]
L]
L]

GH1 Kowarski Syndrome (Bioinactive GH)
GHS Mutation/Variant
Alstrom Syndrome
CPHD/MPHD Genetic (Transcription factor defect, gene mutation, deletion or duplication)
e Genes implicated in early development of hypothalamic—pituitary region
o Genes implicated in early development of brain and hypothalamic—pituitary region
- Holoprosencephaly
- Septo-optic dysplasia and its spectrum involving eyes
- Midline defects (cleft-palate, persistence of craniopharyngeal canal, dental agenesis, ...)
- Extra brain malformations (ARNT2, CHD7, IGSF1, ...)
- Overlapping Kallmann syndrome (FGF8, FGFR1, PROKR2, PROK2 CDH7,WDR11, ...)
- Other conditions
e Genes implicated in cellular differentiation
e Inducing tumor genes (SOX2, BRAF, ...)
CPHD/MPHD Congenital
e Midline brain and pituitary developmental defects
o Pituitary aplasia; ectopic posterior pituitary, anterior pituitary hypoplasia and pituitary stalk
abnormalities (agenesis, hypoplasia); empty sella
o Congenital CNS mass (hamartoblastoma, hamartoma), cyst. encephalocele
IGHD/CPHD/MPHD o Idiopathic permanent
o Idiopathic transitory
IGHD/CPHD/MPHD Acquired
e CNS tumors (craniopharyngioma, germinoma, ependymoma, pituitary adenoma, meningioma,
medulloblastoma, glioma, metastatic tumors (rare), Rathke's cleft cyst, arachnoid cyst)
Radiotherapy (cranial irradiation for CNS tumors, other malignancies,BMT)
TBI (accidental, after neurosurgery, subarachnoid hemorrhage)
Infections (meningitis, encephalitis, tuberculosis, hypophysitis)
Autoimmune (hypophysitis, APS, anti Pit1antibodies)
Infiltration (LCH, hemochromatosis, chronic blood transfusions)
Chemotherapy (cancer survivors)

GHD, growth hormone deficiency; CPHD, combined pituitary hormone deficiency; MPHD, multiple pituitary hormone defi-
ciency; CNS, central nervous system; BMT, bone marrow transplantation; TBI, traumatic brain injury; APS, autoimmune poly-
glandular syndrome; LCH, Langherans cell histiocytosis.

phenotype of these patients; isolated growth hormone deficiency (IGHD) may result from mutations or
deletions in GH1 or GHRHR gene [2,3]. Recently a new mechanism of defective spliccosome mRNA
processing has been reported to be associated with familial isolated GHD [4].

The advent of magnetic resonance imaging (MRI) has led to a significant improvement in the un-
derstanding of the pathogenesis of disorders that affect the hypothalamus-pituitary area and partic-
ularly of congenital hypopituitarism. Today there is convincing evidence to support the hypothesis that
marked MRI differences in pituitary morphology indicate a diverse range of disorders that affect the
organogenesis and function of the anterior pituitary gland, with different prognoses. Specifically, MRI
allows for a detailed and precise anatomical study of the pituitary gland by differentiating between the
anterior and the posterior pituitary lobes. The MRI identification of pituitary hyperintensity in the
posterior part of the sella, now commonly considered as a marker of neurohypophyseal functional
integrity, has been the most striking finding for the diagnosis and understanding of anterior and
posterior pituitary diseases [34—36].

This article will discuss the current state of knowledge in our understanding of the etiology of
hypopituitarism associated with structural hypothalamic—pituitary abnormalities. The role of tran-
scription factors and genes implicated in abnormal pituitary development and pituitary cell differ-
entiation will be underlined, and the lack of a genetic characterization in a high number of patients
with congenital conditions will also be considered.
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Epidemiology of GHD

Idiopathic isolated GHD is the most common sporadic form of hypopituitarism, and its incidence is
estimated to be between 1/4000 and 1/10,000 among live births [37—41]. Although in 5%—30% of cases
there is also an affected first degree relative [1], most cases are sporadic and believed to be related to a
combination of environmental and/or developmental risk factors, including viral infections, vascular or
degenerative changes, drug exposure, young maternal age, as is the case for septo-optic dysplasia [42]. An
incidence of growth hormone (GH) deficiency of one in 60,000 live births was first reported in the United
Kingdom in early 1974 [37,38]. Another survey of 48,000 Scottish schoolchildren [39] showed different
results, reporting an occurrence as high as one in 4018. Although the incidence of GHD is thought to vary
significantly between different countries, an exact figure based on recent data and standard criteria has not
yet been determined. To date, the most reliable prevalence for short stature associated with childhood GH
deficiency is believed to range between approximately one in 3000 to one in 10,000 live births [39—41].

The best current estimate available comes from the UTAH growth study of a United States' popu-
lation [40]. In this survey, serial measurements of elementary-school children were conducted for 2
consecutive years to assess height and growth velocity and to determine the prevalence of GH defi-
ciency in American children. Trained volunteers measured 114,881 children in the first year of the
study; after a second measurement, the growth rates of 79,495 subjects were calculated, leading to an
estimated GH deficiency incidence of one in 3480. The prevalence and incidence of GH deficiency
appears relatively constant in more recent studies ranging between 1:5000 to 18,646 [43—46].

Pathophysiology of GHD

The understanding of the causes of GHD requires a brief overview of pituitary development, clinical
presentation of hypopituitarism, MRI principles and technical requirements and its role in the diag-
nosis and prognosis, that will be discussed in the next paragraphs.

Pituitary organogenesis and genes causing hypopituitarism

The development of the pituitary gland is strictly related to that of the forebrain in an early stage of
embryogenesis. The three pituitary lobes have different embryological origins: anterior and in-
termediates lobes are derived from the oral ectoderm, while the posterior lobe develops from neural
ectoderm.

The first marker of pituitary organogenesis, occurring in the mouse between 8 and 14 embryonic
days, is the formation of an upwards evagination of the ectoderm of the primitive oral cavity, known as
Rathke's pouch. At the same time, another evagination originates from the neural ectoderm of the
dorsal diencephalon, giving rise to an infundibulum (the future posterior pituitary) that maintains
close contact with Rathke's pouch during the early stages of pituitary organogenesis. This relationship
has a key role for inductive tissue interactions and for the influence exerted by neuroectodermal
signaling on the primordial pituitary gland [47].

In recent years, a significant understanding of the molecular mechanisms regulating these pro-
cesses has been attained, especially in rodents, compared to the relatively smaller amount of existing
knowledge about pituitary embryogenesis in humans. However, significant overlaps have been iden-
tified between the phenotypes of spontaneous and induced murine mutations and various human
clinical syndromes, suggesting that pituitary development in rodents and humans share some com-
mon mechanisms. The sequential expression of a complex cascade of transcription factors is manda-
tory for normal development of the pituitary gland. The lack of one or more of these mechanisms
during different phases may lead to various degrees of pituitary dysmorphogenesis and/or function
impairment. Early pituitary development is structured in three steps in response to inductive signals
from the diencephalon [47], the first step occurring near embryonic day 8.5 in mice with the formation
of a placode in the oral ectoderm in response to signaling molecules from the diencephalon. The second
step consists of the transformation of the placode into the definitive Rathke's pouch. During the third
step, oral ectoderm cells in the pouch differentiate into the different pituitary cell types to form a
nascent anterior pituitary gland and pars intermedia.
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Several homeodomain transcription factors directing embryologic development of the anterior
pituitary have been found to have mutations that result in congenital defects affecting the synthesis of
GH and additional pituitary hormones. The human mutations that cause isolated growth hormone
deficiency and the associated features are summarized in Table 2 while those causing MPHD including
HESX1, SOX2, SOX3, LHX3, LHX4, PROP1, POU1F1, PITX, GLI3, GLI2, OTX2, ARNT2, IGSF1, FGF8, FGFR1,
PROKR2, PROK2, CHD7, WDR11, NFKB2, PAX6, TCF7L1, IFT72 GPR161 and CDON [1—33] are summarized
in Table 3.

Idiopathic GHD — phenotype

Idiopathic non syndromic GHD is a heterogeneous condition whose pathophysiology remains
largely unknown, and the diagnosis during childhood and adolescence is frequently challenging. Once
growth hormone deficiency is suspected, testing of the hypothalamic—pituitary axes along with
radiological evaluation, should be performed. Evaluation should begin with a detailed past medical
history, family history, detailed review of prior growth data and a thorough physical examination. The
typical GHD clinical phenotype in childhood is short stature and persistent growth failure associated
with frontal bossing, mid-facial hypoplasia, truncal adiposity, small genitalia in the male, and/or hy-
poglycemia and cholestatic jaundice. However, this presentation tends to be the exception rather than
the rule and thus the clinical phenotype may not be particularly notable [48].

A study from the Netherlands analyzed the clinical phenotype of GHD photographs of 137 patients
(73 IGHD and 64 MPHD). Standardized frontal and lateral digital pictures were taken of each patient
and analyzed using specific software. The analysis revealed that Canthal Index (CI), the relative distance
between the eyes, was related to pituitary morphology. Patients with an Ectopic Posterior Pituitary
(EPP) had significantly higher CI values than patients without EPP, with a cut-off value being CI > 39 for
identifying children with the highest probability of having EPP.

The combination of CI > 39 in the presence of hormonal deficiencies in addition to GHD strongly
predicted EPP: 93% of the patients with a CI > 39 and additional hormonal deficiencies had EPP,
compared to 77% of patients with additional hormonal deficiencies but a CI < 39, and 29% of patients
without any of these criteria. The association between Canthal Index, measured from digital pictures,
and EPP could be caused by altered midline development, affecting both the pituitary gland and the
facial structures of GHD patients [49].

Idiopathic GHD — etiology

In recent decades, studies have identified a number of conditions or adverse events associated with
pituitary disorders and GHD. There are anecdotal data to support a role for intrauterine insults in pi-
tuitary gland dysgenesis including prenatal vascular disruption and intrauterine exposure to certain
drugs or drug abuse [50—52]. In addition, intrauterine insults and traumatic or vascular head birth-
related injuries have been raised as causes of hypopituitarism despite few reports of an association
between GHD and malformations involving the brain and pituitary vascular system such as the
agenesis of internal carotid artery [53,54].

Indeed, perinatal injury has been reported in more than 80% of patients with hypopituitarism, and
some authors have suggested that birth trauma during abnormal delivery such as breech presentation
is a common primary cause of idiopathic hypopituitarism [55,56]. Despite the exact role of birth trauma
in the etiology of pituitary dysgenesis is unclear [57,58], it remains possible that, in some patients, birth
trauma and associated hypoxemia may worsen congenital pituitary dysplasia rather than acting as a
primary cause [57]. On the other hand, fetal hypopituitarism and pituitary dysfunction could increase
the risk of breech delivery, which in turn leads to mechanical and hypoxic damage to midline struc-
tures [59]. This theory is consistent with observations that birth trauma and breech delivery are more
commonly reported in association with MPHD. Breech delivery, in fact, was reported as five times more
common in patients with structural hypothalamic—pituitary abnormalities compared with patients
who had isolated anterior pituitary hypoplasia [56—59].

Published data seem to suggest that many of the so called “idiopathic” cases of IGHD may actually
have a congenital origin or genetic cause, although the latter hypothesis remains largely unconfirmed



Table 2

Genetics and phenotypes of isolated growth hormone deficiency.

Disorder/gene Inheritance MIM/Locus Pituitary defects Pituitary EPP Associated features
GH PRL TSH  LH/FSH AcTH  Phenowpe Head/neck CNS Findings
Isolated GHD AR 262400 Yes No No No No Normal No Severe - Severe short stature, severe
type 1A/GH-1 17q23.3 AP phenotype, GHD, micropenis,
midfacial hypoglycemia, anti GH-
hypoplasia, antibodies
frontal
bossing, cleft
nose
Isolated GHD AR 612781 Yes Low No No No Normal No Less severe Chiari I, Less severe short stature, low
type 1B/ 7p15-14 AP/APH phenotype, arachnoid GH, dyslipidemia,
GHRHR frontal bosses, cyst hypoglycemia, troncular fat
cleft nose distribution, pubertal delay
Isolated GHD  AD 173100 Yes No # No No Normal No Variable - Variable short stature,
type II/GH-1 17q23.3 AP/APH phenotype, micropenis, hypoglycemia
frontal bossing,
cleft nose
5'IVS-3 +1nt AD 173100 Yes Yes Yes Yes Yes Normal No Variable - Evolutive endocrinopathy
E32A* AP/APH phenotype,
frontal bosses,
cleft nose
Isolated GHD  X-linked 312000 Yes No/yes*™ Nofyes** No/yes** No/yes** Normal/AP** Yes with Ocular motor — — X-linked agammaglobulinemia
type II/ 300123 persistence of dyspraxia and IGHD
SOX3**/BTK/ 307200 craniopharyngeal
other genes Xq27.1 canal**
Isolated partial AR, AD 615925 Yes No No No No — — — — Non severe short stature
GHD/GHSR 3q26.31 Variable GH and IGF-I levels
Bioinactive GH/ AD 262650 High No No No No - No - - Low IGF-I, IGFBP-3 and ALS
GH-1 17q23.3 GH
Kowarski
Syndrome
Alstrom
syndrome
RNPC3 AR 203800 Yes No No No No APH No - Frontal Severe short stature, Insulin
ALMS1 AR 2pl13.1 50% bossing  resistance syndromic | obesity
IFT172*** AR GHD metaphyseal dysplasia,

hypertension, retinopathy
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Ad, Autosomal dominant; AR, Autosomal recessive; EPP, Ectopic Posterior Pituitary; CNS, central nervous system; AP, anterior pituitary; APH, anterior pituitary hypoplasia; #exceptionally
reported (1 patient) (Ref. [59]); *IGHD type Il and apparent functional reversal; **SOX3 amy be associated with IGHD to MPHD with different MRIs findings sometimes Combined pituitary
hormone defect; IGHD, isolated growth hormone deficiency; ***No functional studies.



Table 3
Genetics and characteristics of patients with combined or multiple pituitary hormone defects.

Gene Inheritance MIM/Locus Pituitary defects Pituitary  EPP Other Associated features
phenotype abnormalities .
GH PRL TSH LH/FSH ACTH of pituitary Head/neck Eye Psychomotor  CNS Findings
region development
POU1F1 AR/AD 3pl11 Yes Yes/no Yes/no No No Normal No - Macrocephaly, frontal — - - Feet polydactyly
CPHD-1 613038 AP/APH bossing, cleft nose,
large anterior
fontanels, macroglossia
PROP1 AR 5q35.3 Yes Yes Yes Yes Yes/no Normal No Large sella - - - - Pubertal delay, risk of
CPHD-2 262600 AP/Large turcica evolutive
AP/APH endocrinopathy, ACTH
deficiency in 1/3 of
cases
LHX3 AR 9q34.3 Yes Yes Yes Yes No APH/Large No Flat sella Stubby neck anomalies — Cognitive Sensorineural Severe scoliosis skin
CPHD-3 221750 AP turcica of cervical vertebrae delay deafness defect
and limited neck
rotation
LHX4 AD/AR 1925 Yes No Yes Yes Yes Normal Yes/no Abnormal — — — Chiari I Abnormal cerebellar
CPHD-4 262700 AP/APH sella turcica tonsils neonatal
hypoglycemia, cardiac
insufficiency and
respiratory distress
(death)
HESX1 AD/AR 3p21.2- Yes Yes/no Yes/no Yes/no Yes/no Normal Yes/no — - Yes/no — Psychomotor SOD and SOD variants,
CPHD-5 p21.1 AP/APH/AP development midline abnormalities
182230 aplasia micropenis,
polydactyly
0TX2 AD 14q22.3 Yes Yes/no Yes Yes Yes/no Normal AP Yes/no — Cranial dermoid cysts, Microphtalmia Learning Chiari I, epilepsy Cerebellar
CPHD-6 613986 APH/PSA microcephaly, cleft anophtalmia, difficulties abnormalities, heart
palate, feeding coloboma autism conditions (Wolff-
difficulties cataract disorder Parkinson-White),
anterior anus, fifth
finger clinodactyly
SOX2 AD 3g26.33  Yes/no No Yes/no  Yes Yes/no APH Yes/no Pituitary Microcephaly, frontal ~Microphtalmia Mental Sensorineural Cardiac abnormalities,
206900 normal AP mass bossing, dental anophtalmia  retardation deafness, spastic vertebral and skeletal
Large AP anomalies coloboma learning diplegia or abnormalities,
difficulties quadriplegia esophageal atresia,
genital malformations
SOX3 X- Xq27.1 Yes No Yes/no Yes/no Yes/no APH Yes/no Persistent Facial abnormalities - Cognitive - -
linked 312000 craniopharyngeal delay,
300123 canal behavioral

abnormalities

(continued on next page)
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PROKR2 AD 607123
20p12.3
GL2  AD 610829
2q14
CDON*  AD? 11q24.2
GPR161* AR 1q24.2

Yes

Yes

Yes

Yes

No

Yes/no

Yes/no

Yes

Yes

Yes

Yes/no Yes/no APH/AP

No

Yes/no APH/PSA

aplasia/

APH

APH

Yes/no —

Yes/no —

Yes

Yes

Empty
sella

Nasopharyngeal
stenosis

Microcephaly.

Midface

hypoplasia

Single incisor,
Holoprosencephalylike
features

Broad nasal root;
hypotelorism; partial
alopecia; thick alae nasi

Mental
delay

Intellectual
disability

Synkinesis,
seizures

Seizures

Sleep disorders,
“morning glory
syndrome”, Kallmann
syndrome, diabetes
insipidus, SOD, flat feet,
pectus excavatum,
cryptorchidism,
neonatal respiratory
distress

Abnormal corpus
callosum

Variable mdlline
defects

Variable phenotype

Neonatal hypoglicemia
and jaundice; HPE
Short fifth finger;
syndactyly; nail
hypoplasia; diabetes
insipidus

AR, autosomal recessive; AD, autosomal dominant; AP, anterior pituitary; APH, anterior pituitary hypoplasia; PS, pituitary stalk; PSA pituitary stalk agenesis; EPP, ectopic posterior pituitary;
CC, corpus callosum; SOD, Septo-optic Dysplasia; ONH, optic nerve hypoplasia; HPE, holoprosencephaly; CNS, central nervous system; *No functional studies available.
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in many patients, while the role of epigenetics or environmental factors in determining pituitary
dysfunction still needs to be determined.

A noteworthy mechanism of anterior hypopituitarism on a possible vascular basis could be related
to pituitary stalk diseases associated with impairment of the blood supply to the anterior pituitary
[60—62]. The term “pituitary stalk transection syndrome”, applied in a high percentage of cases of birth
trauma or breech delivery in patients with GHD and ectopic posterior pituitary, and based on the
results of experimental studies showing that surgical section of the pituitary stalk leads to posterior
pituitary lobe regeneration at the hypothalamic level, does not appear appropriate [63]. The traumatic
origin of such anatomical findings cannot be confirmed on the basis of birth trauma and consequent
mechanical section of the pituitary stalk at the time of delivery, because two thirds of these patients are
born with no reported adverse perinatal events, with cephalic delivery in approximately 50% and
caesarean section in 15% of cases [64]. The precise cause of the high frequency of breech births in cases
of agenesis of the stalk and severe hypoplasia of the pituitary remains largely unexplained, though a
hypothesis of fetal hypotonia secondary to anatomical and pituitary dysfunction or to other causes
leading to breech presentation appears plausible [61,62].

A congenital-genetic origin is supported by various factors such as: the presence of a phenotype
appearance compatible with congenital defect; the absence of perinatal adverse events in a large
number of cases, the presence of familial cases associated with the same anatomic — functional pi-
tuitary characteristics, the association of chromosome defects in some patients, the presence of central
nervous system malformations, and findings of ectopia of the posterior pituitary, with absence of local
signs secondary to trauma of the stalk in twins who were born with normal delivery but who died
during the first month of life [65—71], as well as in patients with syndromes associated with hypo-
thalamic—pituitary abnormalities. These include Fanconi's anemia [72], Poland's syndrome [73],
Arthrogryposis multiplex congenital [74], Dubowitz syndrome [75], Worster-Drought syndrome,
congenital bilateral perisylvian syndrome, neuronal migration defect, epilepsy, neuromotor retarda-
tion [76], situs inversus totalis [77], 18p deletion [78], cat eye syndrome [79] and syndromic midlines
defects [80] in the absence of detectable mutations of transcription factors involved in pituitary
development as often reported.

Organic GHD

GHD can be secondary to organic lesions which include tumors, infections, infiltrative processes,
and trauma (Table 1). Growth retardation/arrest can be the only manifestation of GHD in these pa-
tients, and the diagnosis is often delayed. Among CNS tumors, craniopharyngioma is the most common
neoplastic lesion of the hypothalamic/pituitary area in children.

Craniopharyngiomas are embryonal tumors which derive from remnants of the Ratchke's pouch. In
children their histological type is commonly adamantinomatous with formation of cysts [81]. Acti-
vating mutations in the beta-catenin gene have been identified in the majority of these tumors [81].
The diagnosis is often made late either for the appearance of symptoms due to the mass effect of the
tumor (headache, nausea, visual impairment), or for endocrine deficits, among which GHD with
arrested growth account for more than 75% [81,82]. A paradigmatic case of a boy with GHD, arrested
growth due to a large intra- and supra-sellar craniopharyngioma and delayed diagnosis is shown in
Fig. 1. Craniopharyngiomas are easily identified by MRI, and treatment is removal of the tumor either
via transcranial or via transphenoidal approach. It is still debated whether the best treatment is total
resection of the tumor or partial resection followed by radiotherapy [81] being “do no harm” the main
objective [83]. Recent findings indicate that proton radiation therapy may be more effective with
respect to endocrine dysfunction in children [84].

Tumor development and/or surgical resections close to the hypothalamus and/or pituitary may
induce direct anatomical damage to these structures and result in multiple hypothalamic/pituitary
dysfunctions. Endocrine dysfunctions are commonly observed also in children treated for brain tumors
located outside of the hypothalamic—pituitary area [85]. The most common endocrine disorders within
the first five years after diagnosis is GHD in 13—100% of cases (86). A recent report calls for the need of a
standardized follow-up program including periodical endocrine evaluation in these patients [86].
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Fig. 1. A 9-year-old boy presenting with severe short stature and intra-sellar and suprasellar craniopharyngioma.

The deleterious effect of cranial irradiation on hypothalamic—pituitary function has long been
recognized, with GHD being the first and most common pituitary deficit [87]. Dose of irradiation and
time after irradiation are the main risk factors for developing GHD [88,89], as well as tumor stage and
number of progressions.

Traumatic brain injury (TBI) is another, often unrecognized, cause of GHD. Endocrine dysfunction
after moderate to severe TBI has been reported in 23—69% of adult patients, with GHD being the most
common [90]. Few studies have been published on the prevalence of endocrine dysfunction after TBI in
children [reviewed in Ref. [91]]. At five years follow-up after moderate to severe TBI more than % of
children experienced hypopituitarism. Also in children GHD is the most common endocrine
dysfunction, and can be transient, or worsen with time resulting in permanent GHD [92,93]. Thus,
children suffering TBI should undergo endocrine follow-up for more than one year.

GHD can be secondary to an autoimmune process either directed against the pituitary or the hy-
pothalamus in patients with lymphocytic hypophysitis or in the context of APS [94—96]. However, the
role of anti-pituitary antibodies in the pathogenesis of isolated GHD is still debated. De Bellis et al. [97]
have shown the presence of specific antibodies against GH-producing cells in children with isolated
GHD and normal MRI. More recently, the same group have reported that among 16 patients with
isolated GHD positive for anti-pituitary antibodies against the somatotroph cells and normal MRI, 8
were still GHD and positive for antibodies at the end of treatment with GH [98]. Autoimmunity to PIT1
(pituitary specific transcription factor 1) has also been described as causative of hypopituitarism
involving GH, TSH and prolactin in adult patients [99]. These patients had normal or slightly reduced
anterior pituitary at MRI. There are no reports of similar cases in children.

More rarely GHD may be secondary to non-autoimmune infiltrative or infectious processes
including Langerhans cell histiocytosis [100,101], and exceptionally after meningitis, and encephalitis
(Table 1).

Of note is the fact that patients with isolated organic GHD may develop additional pituitary hor-
mone deficit with time. A recent report has shown than among 716 children with isolated GHD of
organic origin followed for >3.5 years, 71 (9.9%) developed MPHD [102]. MPHD was more likely to
develop in those with severe GHD, especially in those with history of intracranial tumors.



716 N. Di lorgi et al. / Best Practice & Research Clinical Endocrinology & Metabolism 30 (2016) 705—736

Di lorgi et al. [103] have shown that many patients presenting in childhood with central diabetes
insipidus also had GHD, which was mildly associated with pituitary stalk thickness at diagnosis. Pi-
tuitary function was evaluated every 6 months for 2 years and then yearly for 3 years. GHD persisted
only in the patients with minimal to moderate pituitary stalk thickness [103]. These findings point to
the importance of careful morphologic evaluation in the prognosis of long-term outcome. Thus, long-
term surveillance and monitoring of endocrine function is recommended in these patients.

GHD is common after hematopoietic cell transplantation in Fanconi's anemia and some of these
patients may have classical GHD, whereas others may have hypothalamic dysfunction leading to
“partial” GHD [104]. Growth failure and short stature are among the most common sequelae of
childhood cancer therapy and several etiologies may contribute to growth failure including GHD
[105,106], exposures to spinal and total-body irradiation, chemotherapy and treatments including
glucocorticoids, hypothyroidism, suboptimal nutrition, and renal disease [reviewed in Ref. [105]].
Imatinib, a tyrosine kinase inhibitor, has been associated with growth deceleration and with failure of
provocative GH stimulation testing [reviewed in Ref. [101]] and Ipilimumab, an immune system
modulator, was shown to potentially cause auto-immune hypophysitis with ensuing anterior pan-
hypopituitarism [reviewed in Ref. [101]].

Role of imaging in the dianostic etiology of GHD
Imaging techniques

Magnetic resonance imaging (MRI) is the gold standard radiological method for evaluating the
hypothalamic—pituitary axis because of its inherent tissue contrast, direct multiplanar capability, and
lack of invasiveness [34,35].

Standard evaluation of the sellar region includes spin-echo (SE) T1- and turbo/fast spin-echo (TSE)
T2-weighted images on sagittal and coronal planes, acquired with a slice thickness of 2—3 mm. Addi-
tionally, heavily T2-weighted images [i.e. driven equilibrium (DRIVE), constructive interference in
steady state (CISS) or fast imaging employing steady-state acquisition (FIESTA) sequences] acquired on
the sagittal plane at sub-millimetric thickness are part of our routine sellar protocol since they provide a
better depiction of the suprasellar compartment and in particular of the pituitary stalk. In our experi-
ence, T2 DRIVE sensitivity to evaluate the infundibulum is similar to that of post contrast T1-weighted
images that therefore can safely be omitted in patients with an isolated growth hormone defect [36].

In addition to high-resolution sellar MR imaging, we always perform at least a Fluid Attenuation
Inversion Recovery (FLAIR) and a diffusion-weighted-imaging (DWI) sequence of the whole brain on
the axial plane to screen for additional brain abnormalities.

Among advanced MR techniques, Diffusion Tensor Imaging (DTI) can add valuable information in
the evaluation and characterization of brain malformations that can be associated with hypothalamic
pituitary axis developmental defects. Diffusion tensor imaging (DTI) provides qualitative and quan-
titative information about white matter micro-structural integrity and organization by measuring the
three-dimensional shape and direction of diffusion of water molecules within the brain, voxel by
voxel [107].

MR spectroscopy (MRS) is another advanced MRI technique that can be used in selected cases, in
particular in the evaluation and characterization of sellar-suprasellar mass lesions. This imaging
technique allows noninvasive detection and estimation of different brain metabolites that can be
associated with increased cellular growth, neuronal loss, necrosis, or normal tissue [108].

A complete neuroradiological evaluation including whole brain axial DWI and FLAIR along with
sagittal T1, coronal T2 and sagittal T2-DRIVE or equivalent, focused on the sellar region, requires
approximately 20 min scan time; this protocol should represents the baseline study of all patients with
GHD (Fig. 2). Post-contrast imaging or additional advanced MRI techniques, including DTI or MRS, can
be acquired on a case-by-case basis. They can further extend the length of the neuroradiological
evaluation up to 45—50 min (Table 4).

When MRI is contraindicated, computerized tomography (CT) can be considered a valuable alter-
native diagnostic tool. Current multislice helical CT provides high-quality multi planar reformatted
images for the study of the sellar and parasellar region. In selected cases CT can also be performed in
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Fig. 2. Baseline MRI study in a 9 year-old boy with GHD and normal MRI findings. A. Sagittal T1-weighted image; B. Sagittal T2-
DRIVE image; C. Coronal T2-weighted image; D. Axial FLAIR image;E. Axial DWI image. A. The posterior pituitary lobe (PPL),
physiologically bright on T1-weighted image, anterior pituitary lobe (APL), pituitary stalk (PS), median eminence (ME), optic chiasm
(OC) and tuber cinereum (TC) are clearly visible. B. The pituitary stalk is optimally depicted with sharp delineation of the infun-
dibular recess of the third ventricle (arrowhead). Additional midline structure such as the anterior commissure (AC) and lamina
terminalis (LT) are clearly recognizable. Note the homogeneously low signal intensity of the pituitary gland, that cannot thus be
confidently separated into the anterior and posterior lobe. C. On the coronal plane the internal carotid arteries (ICA) are recognizable
within the cavernous sinuses. The optic chiasm (OC) and septum pellucidum (SP) are well depicted. D, E. Screening sequences to
evaluate the whole brain. There is no evidence of structural and signal abnormalities.

Table 4
Brain MRI protocol in the evaluation of GHD.

Baseline study Sagittal SE T1

Sagittal T2 DRIVE

Coronal TSE T2

Axial FLAIR

Axial DWI

Complementary Whole brain 3D T1
study (performed on
a case by case basis)  Coronal, sagittal
and axial post-contrast T1
DTI

MRS

Anterior pituitary morphology, height and lenght. Bright spot
discrimination. Midline structures and cranio-cervical junction
evaluation. Depiction of high protein content cysts or lipomas
Baseline and follow-up pituitary stalk evaluation. Optic chiasm and
nerves morphology. Pineal gland evaluation. Depiction of the
relationship between suprasellar mass lesions and surrounding
structures

Pituitary width and shape evaluation. Pituitary stalk orientation.
Optic chiasm and septum pellucidum depiction

Screening sequence to evaluate the whole brain. In children below
the age of 2 years, instead of axial FLAIR, axial T2-weighted image is
recommended

Screening sequence. Estimation of differences in cell density and
tissue structure (i.e.: sellar-extrasellar mass lesions)

Detailed structural analysis in case of concomitant brain
malformations

Pituitary stalk evaluation. Mass lesions characterization. Secondary
dissemination

Analysis of white matter micro-structural integrity and organization
(i.e.: brain malformations)

Detection and estimation of normal and abnormal brain metabolites
(i.e.: sellar-suprasellar mass lesion characterization)

SE = Spin Echo, DRIVE = Driven Equilibrium, TSE =

Turbo Spin Echo, FLAIR = Fluid Attenuation Inversion Recovery,

DWI = Diffusion Weighted Imaging, DTI = Diffusion Tensor Imaging, MRS = Magnetic Resonance Spectroscopy.
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addition to MRI in order to identify calcifications or to better evaluate bone structures (i.e. in the study
of the skull base before trans-sphenoidal surgery or in case of suspected bone lesions).

Normal pituitary and MRI appearance

A detailed knowledge of the normal features of the pediatric pituitary gland is essential in order to
properly asses and interpret pathological changes of the hypothalamic—pituitary axis that may be
related to GHD.

The pituitary gland is a dynamic structure and undergoes physiological changes in size and shape
throughout life [109], depending on age and sex (Fig. 3). Furthermore, even among children of identical
age and gender there is wide morphological and dimensional variability [110,111]; the morphology of
the gland may also vary from side to side reflecting a physiological asymmetric development of the
pituitary fossa, which in turn may be influenced by the variable degree of pneumatization of the
underlying sphenoid sinus throughout infancy.

In newborns, the gland typically presents an upward convex margin, very high signal intensity on
T1-weighted images and a slightly higher mean height (about 4—5 mm) when compared to the gland
height of the following months of age. This morphology and signal intensity correlates with the intense
endocrine activity and protein synthesis which typically characterize the neonatal period.

This appearance gradually changes during the first and second months, until the infant configu-
ration, with a flat or slightly concave superior surface and isointensity of the anterior lobe to the white
matter on T1- and T2-weighted images, is achieved. In general, the height of the pituitary gland re-
mains stable during the first 2 years of life, whereas its width (transverse measurement) and depth
(anterior-posterior measurement) slightly increase; then, a mild but progressive increase in height
occurs until puberty, when the pituitary gland undergoes rapid and profound changes in size and

Fig. 3. Normal evolution of the pituitary gland on sagittal T1-weighted images obtained in 4 different subjects. A. Newborn. The
anterior pituitary lobe shows an upward convex margin and high signal intensity (arrow). B. Two-months of age. The pituitary gland
shows the typical adult pattern with isointensity of the anterior lobe (arrow) to the white matter and hyperintensity of the posterior
lobe (arrowhead). C. 6 years. Pre-pubertal appearance of the anterior pituitary lobe with a slightly concave superior margin (arrow).
D. Pubertal girl. Marked and symmetrical increase in size of the anterior pituitary lobe that appears nearly spherical (arrow). The
height of the gland is about 10 mm.
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shape, with marked enlargement [71]. In girls, the gland may swell symmetrically to a height of
10—11 mm, whereas in pubertal boys it may reach 7—8 mm [35,112,113] (Fig. 3).

The spontaneous T1 hyperintensity of the posterior lobe (bright spot) becomes progressively
recognizable next to the dorsum sellae during the first and second month of life (Fig. 3) and does
not undergo physiological variations in either size or signal intensity during childhood. The bright
T1 appearance of the neurohypophysis specifically results from the storage of vasopressin [114]| and
is considered an important marker of neurohypophyseal functional integrity. However, it may be
absent in about 10% of normal individuals; besides, it depends on patient's hydration and may be
absent in case of severe dehydration.

Contrast material (gadopentetate dimeglumine) administration determines marked enhancement
of the adenohypophysis and of the infundibulo-tuberal region. This is due to lack of the blood brain
barrier and to the dense vascularization of these regions.

A normal pituitary stalk usually tapers smoothly along its course. It may reach approximately 3 mm
in diameter near the optic chiasm and 2 mm where it inserts into the gland. The pituitary stalk is
divided into two parts: one is the neuronal component made up of the track of axons extending from
the hypothalamic nuclei down to the axon terminals in the posterior pituitary pouch, while the other is
the vascular component that provides blood supply to the anterior pituitary gland from the superior
hypophyseal arteries through the pituitary portal system [115].

In every day practice, measurement of the pituitary gland height is the most widely used method
to obtain a quick, indirect determination of the gland size; normal pituitary gland height values
ranges between 3 and 6 mm in prepubertal children. In order to provide a better assessment of a
tridimensional structure such as the pituitary gland, indirect pituitary volume calculation has been
proposed using formulas adapted from the formula for the volume of an ellipsoid (i.e., the Di Chiro
formula: V = 1/2 length x height x width). However, because glands are usually not spherical, these
methods do not allow a precise calculation of the real size of the gland [116]. To overcome the above
mentioned computational bias, direct calculation of pituitary volumes from 3D MRI sequences, can be
performed [117,118]. Unfortunately, this method is time consuming and of limited practical use in
daily work. Furthermore, estimated pituitary volumes calculated from 3D MRI sequences showed a
wide variation of normal ranges [116—118]; for instance, in one study [116] in which the volume of
the gland included the posterior pituitary, the average volume of the entire gland resulted smaller at
a given age, when compared to another study in which only the volume of the adenohypophysis was
taken into account [117]. Larger series are therefore awaited to better elucidate the clinical signifi-
cance and reproducibility of volumetric results.

MRI findings in idiopathic and genetic forms of GHD

Patients with idiopathic or genetically-determined GHD can present with (a) normal or hypoplastic
pituitary gland without anatomical abnormalities of the hypothalamus or pituitary stalk, (b) pituitary
dystopia, (c) agenesis of the pituitary gland or (d) enlarged anterior pituitary (pituitary hyperplasia)
(Table 5). IGHD is more commonly observed in the first category while MPHD occur in the last three
[119]. A primary empty sella is reported in about 10% of IGHD [12].

By definition an hypoplastic anterior pituitary (Fig. 4) is a small adenohypophysis housed within a
small or normal pituitary fossa.

Pituitary dystopia, consists of failed conjunction between the anterior and the posterior lobe.
Morphologically, it is characterized by: moderate to severe hypoplasia of the anterior pituitary lobe,
absence or marked thinning of the pituitary stalk, and ectopic posterior lobe (“ectopic bright spot”). The
stalkis usually not identifiable on baseline MRI, although, when present, it may be seen after gadolinium
administration or using high resolution, heavily T2-weighted sequences (CISS, DRIVE or FIESTA) (Figs. 5
and 6). The ectopic posterior lobe is usually located at level of the infundibular recess of the third
ventricle (median eminence), but it may be found anywhere along the infundibular axis (Fig. 7).

Congenital pituitary gland absence (aplasia) is an extremely rare anomaly that involves variably the
anterior pituitary, both the anterior and the posterior pituitary lobes and, in many cases, the pituitary
stalk. The characteristic imaging finding of pituitary aplasia is the absence of an identifiable pituitary
gland (Fig. 4). In addition, the sella is small and flat, and it is sometimes covered by a layer of dura. The
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Table 5

MRI phenotypes in GHD.
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Idiopathic or
genetically
determined GHD

Secondary GHD

Normal pituitary

Isolated pituitary hypoplasia
Pituitary dystopia

Pituitary gland agenesis
Primary empty sella

Anterior pituitary hyperplasia

Secondary empty sella

Craniopharyngiomas

Suprasellar germinomas

Langerhans cell histiocytosis

Lymphocytic-
infundibuloneurohypohysitis

Chiasmatic-hypothalamic glioma

No evidence of morphologic, volumetric and signal abnormalities

Small anterior pituitary (height < 3 mm) housed within a small or
normal pituitary fossa

Variable degree of anterior pituitary hypoplasia, absence or marked
thinning of the pituitary stalk and ectopic posterior lobe

Absence of an identifiable pituitary gland. Small and flat sella
Deep and enlarged pituitary fossa, mainly filled with CSF. The
anterior pituitary appears as a thin layer along its floor. Laminar
appearance of the posterior lobe, flattened against the dorsum
sellae. Stretched pituitary stalk, posteriorly dislocated

Anterior pituitary enlargement mimicking a sellar mass lesion
(PROP 1 mutations). Tendency to spontaneous regression and
evolution into pituitary hypoplasia

Pituitary gland loss of volume mainly due to iatrogenic causes with
ex-vacuo enlargement of CSF spaces within the pituitary fossa
Sellar-suprasellar prevailingly cystic mass lesion with enhancing
walls and calcifications. High protein content cysts. Differential
diagnosis with Rathke cleft cyst (no calcifications, no contrast
enhancement)

Mild to severe thickening of the pituitary stalk. Absent bright spot.
Anterior pituitary enlargement due to invasion of the pituitary
parenchyma. Possible concomitant pineal or basal ganglia
involvement. Solid contrast-enhancing sellar-suprasellar mass
lesion. DWI: reduced diffusivity. Leptomeningeal or subependymal
secondary dissemination

Mild to severe thickening of the pituitary stalk. Absent bright spot.
Look for extrasellar diagnostic clues (i.e. skull lesions,
neurodegenerative changes)

Mild to severe thickening of the pituitary stalk. Absent bright spot.
Normal or reduced size of the anterior pituitary. Tendency to
spontaneous regression on follow-up

Solid or mixed solid-cystic suprasellar mass lesion with variable
degree of contrast enhancement. Sparing of the anterior and
posterior pituitary. Pattern of growth along the visual pathway and
hypothalamus

differential diagnosis includes severe hypoplasia of the pituitary gland. In patients with neonatal
panhypopituitarism, severe symptoms of hypoglycaemia may appear during the 1st hours of life.
Symptoms include seizures, apnea, and cardiovascular collapse and arrest [120,121].

The above mentioned conditions may either be isolated or associated with other central nervous
system (CNS) malformations, such as septo-optic dysplasia (Fig. 8), holoprosencephaly, anencephaly,

Fig. 4. Pituitary hypoplasia and agenesis. A—C. Sagittal T1-weighted images. A, B. Different degree of anterior pituitary hypoplasia
(arrows) in two different children, ranging from moderate (A) to severe (B). The pituitary stalk and posterior lobe are normal. C.
Pituitary gland agenesis. Flat pituitary fossa without evidence of the pituitary parenchyma (arrow). The pituitary stalk is not visible.
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Fig. 5. Pituitary dystopia in two different children. A, C. Sagittal T1-weighted image; B, D. Sagittal T2 DRIVE image. Ectopic posterior
lobe located at the level of the median eminence (arrows, A, C). The pituitary stalk is not clearly identifiable on baseline sagittal T1-
weighted images (white open arrows, A, C), whereas is demonstrated on T2 DRIVE images (black open arrows, B, D).

Fig. 6. Pituitary dystopia. A. Sagittal T1-weighted image; B. Sagittal T2 DRIVE image; C. Gd-enhanced sagittal T1-weighted image.
Ectopic posterior lobe at the level of the median eminence (thin arrow, A). The pituitary stalk is not visible on the sagittal T1-
weighted image (open arrow, A), whereas is clearly demonstrated both on the 3D DRIVE sequence (black thick arrow, B) and on
post contrast T1-weighted image (white thick arrow, C).

hypothalamic dysgenesis, corpus callosum dysgenesis (Fig. 8), and Chiari malformation. In such cases
additional high resolution morphologic brain sequences (i.e. 3D T1-weighted images) and DTI are
recommended for a better characterization of the picture, especially in children with midline devel-
opmental defects.

Enlarged anterior pituitary gland or even hypothalamic non-enhancing mass lesions are very rare
MRI phenotypes that can occur in about one third of patients with PROP 1 inactivating mutations
[22,122]. Histological evaluation of the pituitary masses surgically removed revealed inmunohis-
tochemical and histopathological features characteristic of the pituitary intermediate lobe [123],
suggesting that pituitary enlargement in patients with PROP1 mutations may origin in the interme-
diate lobe, due to arrest of normal anterior pituitary development. It is important to recognize this MRI
phenotype since PROP1 mutation associated masses usually regress spontaneously. In such cases MRI
follow-up is recommended and neurosurgical interventions should be avoided.
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Fig. 7. Posterior lobe ectopia in different children. A—D. Sagittal T1-weighted images. Different locations of the ectopic posterior lobe
from the median eminence (arrow, A), to proximal (arrow, B), mid- (arrow, C) and distal stalk (arrow, D).

Primary empty sella

Primary empty sella basically refers to an intrasellar herniation of the subarachnoid spaces through
an incompetent sellar diaphragm (arachnoidal diverticulum) with secondary chronic compression of
the pituitary gland and enlargement of the pituitary fossa due to rhythmic CSF pulsations. On MRI the
pituitary fossa is deep and enlarged, mainly filled with CSF, and contains an anterior pituitary lobe that
appears as a thin layer along its floor. The posterior lobe is flattened against the dorsum sellae, with a
thin and stretched pituitary stalk (Fig. 9).

Previous studies have reported the prevalence of primary empty sella to be about 5—9% for all ages,
with an increase in prevalence with age [124]. Most frequently, this anomaly is an incidental finding,
the only exceptions being patients with pseudotumor cerebri (benign intracranial hypertension) in
which clinical symptoms and additional MRI findings may orient the diagnosis [125] (Fig. 9) or children
with anterior pituitary deficiency [126,127].

In certain circumstances only part of the intrasellar space (less than 50%) is filled with an arachnoid
diverticulum with reduced height of the gland on the midline and normal height along the bilateral
sellar margins. This condition is usually termed “partially empty sella”. Discrimination between
partially empty sella and pituitary hypoplasia is not straightforward. The presence of a small pituitary
fossa may help to orient the diagnosis.

MRI findings in organic GHD
Acquired GHD can be determined by clastic lesions leading to a pattern of secondary empty sella or
be the consequence of several benign or malignant sellar suprasellar mass lesion, mainly including

craniopharyngiomas, suprasellar germinomas, Langerhans cell histiocytosis, Lymphocytic hypophysitis
and chiasmatic-hypothalamic gliomas (Table 2).

Secondary empty sella

An intrasellar arachnoid expansion can occur secondary to a reduced intrasellar tissue volume due
to different causes including surgical resection, radiation necrosis, pituitary atrophy, or infarction. It is
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Fig. 8. Pituitary dystopia and septo optic dysplasia plus. A. Sagittal T1-weighted image; B. Sagittal T2 DRIVE image; C, D. Coronal T1-
weighted images. Hypoplastic anterior lobe located into a small pituitary fossa and ectopic bright spot located at the level of the
median eminence (white arrow, A). The pituitary stalk is not identifiable on baseline sagittal T1-weighted image (A), whereas is
demonstrated on T2 DRIVE (black arrow, B). Midline structures evaluation shows dysgenesis of the corpus callosum, marked
thinning of the optic chiasm (white open arrow, B) and agenesis of the septum pellucidum (asterisk, C). There is also bilateral
perisylvian polymicrogyria (black arrows, C, D) and open lips schizencephaly on the left (open arrow, D).

essentially an “ex vacuo” phenomenon where intracranial subarachnoid space secondarily extends into
the sella.

Craniopharyngiomas

Craniopharyngiomas are benign epithelial tumors arising from remnants of the craniopharyngeal
duct. They account for 5%—13% of all intracranial tumors and 50% of all suprasellar masses in children
[128], with a male predominance. The clinical presentation is generally with headache and visual
disturbances. However, up to 80% have evidence of endocrine dysfunction at diagnosis. Affected
children show poor growth due to GH deficiency (75% of cases), and may also have gonadotropin
deficiency (40% of cases) or ACTH/TSH deficiency (25% of cases).

Pathologically, craniopharyngiomas are categorized into adamantinomatous and squamous-
papillary types. Adamantinomatous craniopharyngiomas are cystic or predominantly cystic lobu-
lated tumors, typical of childhood and only occasionally found in adults [129]. Squamous-papillary
craniopharyngiomas are typical of adults, and they usually appear as predominantly solid masses.

Craniopharyngiomas may be intrasellar, suprasellar, or a combination of both. The typical supra-
sellar lesion originates from the infundibulo-tuberal region and extends either in front of or behind the
chiasmatic region. Occasionally, craniopharyngiomas may purely grow within the third ventricle. Giant
craniopharyngiomas may involve the posterior fossa, or even extend into the paranasal cavities. Evi-
dence of invasion of the third ventricle and identification of the optic chiasm are crucial information for
the neurosurgeon. High resolution imaging of the suprasellar region is needed and 3D DRIVE se-
quences are extremely helpful (Fig. 10).
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Fig. 9. Empty sella in two different children. A, B. Incidentally discovered primary empty sella and pineal gland cyst in a 9 year-old
girl. Sagittal T2 DRIVE image shows a deep pituitary fossa mainly filled with CSF (asterisk, A). On sagittal T1-weighted image the
anterior pituitary lobe appears as a thin layer (arrowhead). The posterior lobe is flattened against the dorsum sellae (arrow). The
pituitary stalk is thinned and displaced posteriorly (open arrow). There is a concomitant benign pineal gland cyst (thick arrows, A, B).
C—E. Empty sella in a child with pseudotumor cerebri. Axial T2-DRIVE image shows bilateral intraocular protrusion of the optic
nerve head (arrowheads, C) and mild prominence of the subarachnoid space around the optic nerves (C). There is neither evidence of
hydrocephalus nor of intracranial mass lesions in keeping with a condition of idiopathic intracranial hypertension. Sagittal T2-
weighted image shows a picture of empty sella (D), no longer visible on a subsequent MRI performed after resolution of symp-
toms, 6 months later (E). Notice the presence of a small pars intermedia cyst (open arrow, E) barely visible in the prior examination
(D).

Fig. 10. Craniopharyngioma in a 7-year-old boy with MPHD. A. Sagittal T1-weighted image; B. Sagittal T2-DRIVE image; C. Coronal
FLAIR image; D. Coronal MPR CT image; E. Gd-enhanced sagittal T1-weighted image; F. Coronal T2-DRIVE image. Huge sellar-
suprasellar cystic neoplasm that is isointense on T1-weighted (A) and hyperintense on T2-weighted and FLAIR images (B,C), with
multiple peripheral calcifications (thick arrows, D). The pituitary fossa is enlarged and the pituitary parenchyma is not recognizable.
Following gadolinium injection there is linear enhancement of the wall of the lesion (open arrows, E) which also demonstrates a left
cranial diverticulum (thin arrow, F).
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On MRI, the most common pattern is represented by a cystic lesion that is hypointense on T1- and
hyperintense on T2-weighted images, with enhancing walls and subtle calcifications. However, some
cysts can show an hyperintense signal on T1-weighted images basically resulting from increased
protein concentration [130].

Solid tumor components, often located in the intra- or parasellar region, are iso-hypointense on T1-
weighted images, and show variable signal intensity on T2-weighted images, partly due to the presence
of calcification. These solid parts typically enhance following gadolinium administration.

CT is superior to MRI in the identification of calcifications, that represent a hallmark of cranio-
pharyngiomas; therefore, CT scans should always be obtained in case of suprasellar tumors. Proton MR
spectroscopy can be extremely variable and may show a prominent lipid peak, with only small
quantities of other metabolites, a non-specific pattern of increased Choline and decreased N-acety-
laspartatate, or absence of any detectable metabolite peak [125].

Germinomas

Intracranial germinomas are rare malignant tumors, accounting for 8—9% of primary brain tumors
in children [130], with an incidence peak at 10—12 years. Following the pineal region, the suprasellar
region is the second most common location of intracranial germinomas. Synchronous lesions in the
hypothalamic and pineal regions account for about 10% of all intracranial germ cell tumors (so called
bifocal germinomas). Affected children typically present with diabetes insipidus. However, growth
arrest and multiple pituitary hormone deficiencies are common and early findings in pituitary ger-
minomas (almost 100% of cases at follow-up).

Confirmation of the diagnosis requires measurement of serum and CSF tumor markers (a-feto-
protein and/or f-human chorionic gonadotropin) and/or biopsy. However, the role of human chorionic
gonadotropin (hCG) and other tumor markers in the early diagnosis of germinomas is not very well
understood, and negative result for cerebrospinal fluid hCG does not exclude a diagnosis of germinoma
[131]. Of note, biopsy may be avoided in typical bifocal germinomas on neuroimaging.

Small tumors are characterized only by thickening of the infundibulum. With tumor growth, the
normal pituitary gland may be compressed by the mass extending into the sella turcica. The tumor may
also manifest as a giant sellar mass, without identification of the normal pituitary gland parenchyma.

On MRI (Fig. 11), germinomas are generally isointense to gray matter on T1-weighted images and
iso- to hypointense on T2-weighted images. The short T2 relaxation time presumably reflects the
diminished free water content of these tumors. Contrast enhancement is usually moderate to marked.
Calcification and cystic-necrotic changes are rare.

Fig. 11. Suprasellar germinoma in a 11-year-old girl with CDI and GH deficit. A. Sagittal T1-weighted image at admission shows
absence of the pituitary bright spot and mild volumetric increase of the pituitary gland; the pituitary stalk is within normal limits.
There is a concomitant large pineal gland cyst. B, C. Pre and post contrast sagittal T1-weighted images performed 1 year later clearly
show a sellar-suprasellar mass lesion (open arrows, B, C) with dense, homogeneous enhancement. Stable size of the pineal gland
cyst. D. Post contrast sagittal T1-weighted image performed 1 months after chemotherapy treatment demonstrates marked volu-
metric decrease of the lesion (open arrow, D). The pineal gland cyst is stable in size, confirming the benign nature of the lesion.
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Diffusion-weighted imaging may shows restricted diffusion reflecting hypercellularity, while pro-
ton MR spectroscopy is characterized by predominance of choline peak, residual creatine peak, absence
or marked reduction of NAA, and possible lactate and lipid peaks [132].

Midsagittal T1-weighted images obtained in patients with diabetes insipidus characteristically
display absence of the “bright spot” corresponding to the posterior pituitary lobe. Sometimes, supra-
sellar germinomas can infiltrate the anterior optic pathways; germinomas are also prone to give
secondary dissemination with typical subependymal or leptomeningeal involvement.

It is important to recognize that, in children suffering from diabetes insipidus showing absence of
visualization of the posterior ‘bright spot’, a small germinoma could not yet be visible on the initial MR
images. A close follow-up with repeated imaging studies is therefore fundamental in these patients.
Concomitant volumetric increase in the size of the stalk and anterior pituitary on follow-up studies
supports the diagnosis of infiltrative/neoplastic disorders, particularly germinoma [133—135]. On the
other hand, the association of anterior pituitary hormone deficiency with MRI evidence of progressive
reduction in size of the anterior pituitary is suggestive of an inflammatory cause such as lymphocytic
infundibulo-hypophysitis [103] (see below).

Langerhans-cell histiocytosis

The most common intracranial manifestation of Langerhans-cell histiocytosis, a rare reactive dis-
order of the reticuloendothelial system, is the involvement of the hypothalamic—pituitary axis, causing
diabetes insipidus. Anterior pituitary dysfunction may be associated [136].

Thin-section sagittal and coronal MR images display a characteristically thickened, intensely
enhancing pituitary stalk. It should be remembered that the pituitary stalk lacks a blood-brain-barrier;
therefore, it normally enhances with contrast administration. Therefore, a careful evaluation of its
thickness is extremely important and 3D DRIVE sequences are highly recommended. Absence of the
posterior pituitary bright spot is typically associated [137,138].

The second most common intracranial manifestation of LCH consists of focal or confluent areas of
T2/FLAIR hypersignal, that typically involve the cerebellar white matter and dentate nuclei, sometimes
the pontine tegmentum and, occasionally, the basal ganglia (Fig. 12). These areas have been interpreted
as indicative of a neurodegenerative process, since histopathologic examination revealed neuronal loss
and axonal degeneration along with a profound T-cell inflammation [137]. An high frequency of pineal
cysts and enlarged pineal glands has been reported in patients with LCH. This finding remains non-
specific and may reflect direct pineal infiltration by LCH or hyperplasia of the gland. Brain MRI evi-
dence of concomitant soft tissue or skull lesions can be an helpful diagnostic clue in order to orient a
correct etiological diagnosis, given the lack of specificity of the sellar MRI pattern [133,134].

Fig. 12. Langerhans cell histiocytosis. A. Sagittal T1-weighted image; B. Sagittal T2-DRIVE image; C. Axial FLAIR image. The posterior
bright spot is not visualized (arrowhead, A). The pituitary stalk is thickened (open arrows, A, B). Brain survey with axial FLAIR reveals
signal abnormalities in the dentate nuclei region (arrows, C) in keeping with degenerative changes.
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Lymphocytic infundibulo-hypophysitis

Lymphocytic hypophysitis is an autoimmune mediated chronic inflammation of the pituitary gland
better defined in adults with enlargement of anterior pituitary gland as compared to children where
involvement of pituitary stalk by inflammation is the most frequent finding associated with central dia-
betes insipidus; it's called lymphocytic infundibulo-hypophysitis [ 133—135]. Diabetes insipidus is the most
common hormonal deficiency in children, accounting for 85% compared with 14%—20% of adults [137].

Depending on the area involved, lymphocytic hypophysitis can be classified morphologically as
lymphocytic adenohypophysitis (anterior pituitary lobe), lymphocytic infundibulo-neurohypophysitis
(posterior pituitary lobe and infundibulum), and lymphocytic infundibulohypophysitis (anterior and
posterior lobe, and infundibulum) [139].

Lymphocytic adenohypophysitis occurs mainly in women with a strong correlation to pregnancy
and the postpartum period. In children and adolescents the term lymphocytic-
infundibulohypophysitis distinguishes patients with CDI, anterior pituitary hormone deficiency,
reduced anterior pituitary size, and transient or persistent pituitary stalk thickening from adults
showing increased posterior pituitary size without anterior pituitary involvement [140].

The term “lymphocytic infundibuloneurohypophysitis” which is used to describe cases of central
diabetes insipidus in adults with a thickened pituitary stalk, is applicable to childhood cases only when
the pituitary stalk is transiently or persistently thickened, the “bright spot” of the posterior lobe on T1-
weighted images is absent, and the size of the anterior pituitary is normal.

On the whole, the MR appearance of lymphocytic hypophysitis is similar to that of suprasellar
germinomas or Langerhans cell histiocytosis, with which it may be confused (Fig. 13). The gold stan-
dard for unequivocal diagnosis remains pituitary biopsy, however follow-up studies are fundamental
and can usually clear the view [132]. A systematic neuroimaging and endocrine follow-up has been
recently proven to be highly sensitive in the identification of an inflammatory/autoimmune process as
the major cause of CDI in children [134].

Chiasmatic-hypothalamic gliomas

Gliomas arising in the hypothalamus or optic chiasm and nerves account for 3%—5% of all pediatric
brain tumors. Patient age is usually 2—4 years at presentation. Affected patients usually complain with

Fig. 13. Lymphocytic-infundibulo-hypophysitis. A, B. Baseline brain MRI. Pre- and post-contrast sagittal T1-weighted images show
absence of the bright spot (arrow, A) and thickening of the pituitary stalk (arrowhead, B). C, D. Follow-up MRI at 1 year. Pre- and
post-contrast sagittal T1-weighted images show thinning of pituitary stalk (arrowhead, D).
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visual loss that progresses slowly, so that tumors are generally large at diagnosis. Endocrine
dysfunction is seen in around 20% of cases [35].

Histologically, most of these tumors are pilocytic astrocytomas, but pilomyxoid astrocytomas or
anaplastic variants are also possible.

MRI depicts these tumors as multilobular or oval masses (Fig. 14) that are usually hypointense on
T1-weighted images and hyperintense on T2-weighted images. Contrast enhancement is generally
marked, but may be moderate or even absent is some cases. Cystic-necrotic changes are well recog-
nizable following gadolinium injection. Contrast material administration is mandatory not only to
assess the extent of the mass, but also to recognize leptomeningeal seeding in case of pylomixoid
forms, which are otherwise undistinguishable from pilocytic forms. Diffusion weighted imaging
typically shows increased diffusivity whereas proton MRS demonstrates increased choline and variably
diminished NAA levels. Lactate peak is a very frequent finding.

The pituitary gland is typically not involved and the epicenter of the lesion as well the pattern of
growth along the visual pathways, can confidently allow a differential diagnosis from other sellar
suprasellar mass lesions.

Hypopituitarism and MRI prenatal appearance

Prenatal imaging using MRI technology has provided important insights into morphological ab-
normalities associated with congenital hypopituitarism. Structures of the hypothalamic—pituitary
region, including the pituitary stalk, can be studied in utero by using single-shot fast spin-echo (SS-FSE)
T2-weighted images, which are the primary technique for fetal MRI diagnosis.

The whole pituitary gland is recognizable prenatally as a round, ovoid or irregular triangular
hypointense structure on the sellar floor, without differentiation between anterior and posterior lobe.

The pituitary stalk, represented by a linear isointense structure connecting the hypothalamic region
to the floor of the sella turcica, has been detected on coronal or sagittal section in 100% of fetuses with
gestational age later than 26 weeks and in approximately 71% of those between 19 and 25 weeks
[35,141]. Ultrasound is the standard imaging tool for prenatal screening, however, and it can make a

Fig. 14. Chiasmatic-hypothalamic astrocytoma. A. Sagittal T2-weighted image; B. Gd-enhanced sagittal T1-weighted image; C. Gd-
enhanced coronal T1-weighted image; D. Single voxel MRS (TE 144ms). Huge chiasmatic-hypothalamic mass. The lesion is well
marginated and prevailingly solid with small cystic areas and marked enhancement following contrast administration (B, C). MRS
demonstrates markedly increased Choline/Creatine ratio, decreased N-acetylaspartate and a prominent lactate peak.
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significant contribution towards the early diagnosis of hypothalamic—pituitary disease. In particular,
the absence of the septum pellucidum, detectable from a gestational age of 22 weeks as fusion of the
frontal horns of the lateral ventricles, is a clue for the diagnosis of septo-optic dysplasia [141]. In the
light of reported data, MRI may play a complementary role in diagnosis when abnormalities have
previously been demonstrated sonographically and could be helpful both for the early management of
neonatal hypopituitarism and for counseling prospective parents. Indeed, the identification of pituitary
aplasia in familial forms [121], or other conditions associated with midline defects, without evidence of
gene mutations, early post-natal death and life-threatening presentation could be helpful.

MRI value and follow-up

Marked differences in MRI pituitary gland morphology suggest different etiologies of GHD and
different prognoses. Indeed, the correlation of genetic mutations associated with GHD, CPHD and
MPHD to endocrine and MRI phenotypes has improved our knowledge of pituitary development and
counseling (Fig. 15).

MRI as a predictor of pituitary function and outcomes

Numerous studies have reported higher rates of pituitary dysgenesis in patients with MPHD than
with IGHD [34—36,65,67,68,142—145], while the great majority of patients with idiopathic isolated
GHD have normal pituitary gland anatomy [ 127]. The MRI identification of the triad of ectopic posterior
pituitary, anterior pituitary hypoplasia and pituitary stalk agenesis has a great value in the identifi-
cation of patients at risk for evolving pituitary hormone deficiencies [35,36,65—68,119,142—151]. The
presence of a vascular component of the stalk has prognostic significance since patients with agenesis
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Fig. 15. Differential diagnosis and follow-up of congenital GHD with abnormal pituitary development. IGHD, isolated growth
hormone deficiency; CPHD, combined pituitary hormone deficiency MPHD multiple pituitary hormone deficiency; MRI, magnetic
resonance imaging; HP, hypothalamic—pituitary; AP, anterior pituitary; PP, posterior pituitary; PS, pituitary stalk.
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of the pituitary stalk run a greater risk of developing MPHD than those who show a vascular residue of
the stalk [61,62]. Patients in whom a pituitary stalk cannot be identified after Gd-DTPA have a risk of
evolving pituitary hormone deficiencies that is 27 times greater than those with a residual vascular
pituitary stalk [61,62]. Although absence of the stalk has been identified as a risk factor for MPHD in
several studies, such association was not supported by others [152]. Indeed, a hypothalamic-located,
small ectopic posterior pituitary surface area was predictive for the development of MPHD [152,153].

There is also evidence that pituitary dysgenesis is rare in children born small for gestational age
(SGA) with either isolated growth hormone deficiency (IGHD) or who are not tested for GH function
[119,154]. Among 1844 patients with ISS and SGA, one hundred fifty one displayed pituitary abnor-
malities and pituitary hypoplasia was the most common. In a recent study [119], ectopic posterior
pituitary was documented in short patients born SGA or in patients with idiopathic short stature,
raising the question about the misclassification bias based on GH response to stimulation tests (false-
negative results) and the discontinuation of GHD after adult height achievement [119].

MRI as a predictor to rhGH treatment

Data suggest that MRI scans can help in predicting an individual patient's likely response to therapy.
The relationship between pituitary MRI features and final outcome has also been studied, showing that
structural hypothalamic—pituitary abnormalities are determinant parameters in the prediction of
growth response and adult height [34,80,146—149].

MRI evidence of congenital developmental abnormalities at MR imaging is a stronger predictor than
the maximal stimulated GH response of height gain during rhGH treatment [34,146,147]. In a study of
146 short children, GHD patients with normal MRI had similar characteristics to children with short
stature of unknown cause, including target height and age at evaluation [147]. Both groups achieved a
comparable final height after a mean 4.6 years' GH treatment, which was also similar to untreated
children with short stature of unknown cause. Further data from a study in 69 GHD children showed
that normal pituitary development — according to MRI — was linked with significantly worse response
to 3 years' GH treatment compared with patients who had abnormal results in their MRI scans [146].
Hence, short stature in patients with a normal MRI scan may be due to other factors, such as genetic
variation, and these patients may be unlikely to respond to GH therapy. In addition, hormonal status
does not significantly affect adult height prognosis either before or after puberty, as reported in two
cohorts of subjects with childhood onset IGHD and MPHD associated with structural hypothal-
amic—pituitary abnormalities [148].

MRI as a predictor of pituitary function after adult height achievement

The diagnosis of GHD in young adults is not straightforward and represents a major clinical chal-
lenge. The key predictors of persistent GHD are the severity of the original GH deficiency, the presence
of additional pituitary hormone deficits, severely low IGF-I concentration, and structural HP abnor-
malities [142,145,150,151]. We have shown that patients with GHD and congenital hypothal-
amic—pituitary abnormalities might not require re-evaluation of GH secretion, whereas patients with
isolated GHD and normal or small pituitary gland should be retested well before the attainment of
adult height [150]. MRI findings of the hypothalamic—pituitary area in patients with GHD may be the
most important criterion upon which the decision to re-evaluate the patient should be based, rather
than response to pharmacological stimulation.

Two recent Consensus Statements on the management of young adults with childhood onset GHD
during transition phase [155,156] state that patients with severe GHD in childhood — with or without
two or three additional hormone deficits — possibly due to a defined genetic cause, those with severe
GHD due to structural hypothalamic—pituitary abnormalities, with CNS tumors, or patients having
received high-dose cranial irradiation all have a high likelihood of permanent GHD after adult height
attainment.

A subgroup of subjects with idiopathic GHD of childhood-onset presenting with congenital struc-
tural hypothalamic—pituitary abnormalities confirms that GHD patients — defined “a priori” as those
with GH response <5 pg/L and with anterior pituitary hypoplasia, pituitary stalk agenesis and posterior
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pituitary ectopia at the level of the median eminence — are probable candidates for permanent GHD in
adult life [150], while those with less severe MRI features have an uncertain diagnosis or a likelihood of
normal GH response after stimulation tests [ 153]. In our study on the reassessment of the GH status in
young adults with childhood-onset GHD, four patients with isolated GHD and three with CPHD or
MPHD showed a discordant response with “normal” GH peak after insulin while IGF-I levels were
compatible with severe GHD [158]. The absence of data on long-term metabolic impacts in patients
with structural hypothalamic—pituitary abnormalities reported in these two studies [153,158] raise a
question about what is “normal GH peak” after adult height achievement and have important clinical
implications in the diagnosis and prognosis of GHD during the transition. By applying the criterion of
peak GH values of less than 3 pg/L, 5 pg/L or 6 pg/L [155—158], several misdiagnosed GHD subjects
would be wrongly excluded from a potentially beneficial renewal of GH replacement treatment.
Indeed, pituitary function should be periodically assessed in subjects with pituitary stalk agenesis and
IGHD or CPHD, as they may develop additional pituitary hormone deficiencies, including ACTH defi-
ciency and deterioration of metabolic parameters [159].

Practice points

m Clinical phenotype may not be particularly notable in idiopathic GHD; patients with pituitary
anomalies such as EPP may show facial dysmorphic features.

m |diopathic GHD often has a congenital-genetic origin, though intrauterine insults may have a
role in worsening pituitary function.

m GHD can be secondary to organic lesions (tumors, infections, infiltrative processes, and
trauma). Growth retardation can be the only manifestation in these patients at disease onset.

=» MRl is the gold standard radiological method for evaluating children with GHD.

m One or more survey sequences of the entire brain should always be performed to screen for
additional brain abnormalities.

m Standard sagittal and coronal T1 imaging is the method of choice for first-level exam in GHD
patients.

m High resolution T2 DRIVE sequence is highly recommended to better depict the suprasellar
compartment, and in particular the pituitary stalk; T2 DRIVE sensitivity in evaluating the pi-
tuitary stalk is similar to that of post contrast T1-weighted images, that can safely be omitted
in patients with isolated GHD.

m Advanced imaging modalities such as MRS or DTl can be helpful to better characterize sellar-
suprasellar mass lesions or brain malformations that can be associated with hypothalamic
pituitary axis developmental defects.

» MRI evidence of congenital developmental abnormalities in GHD is a strong predictor of
height gain during rhGH treatment, and is associated with increased MPHD risk.

m GHD patients with anterior pituitary hypoplasia, pituitary stalk agenesis, and posterior pi-
tuitary ectopia are probable candidates for permanent GHD in adult life.

Research agenda

m Further experience on large cohorts is required to better define the diagnostic yield of T2
DRIVE sequence in patients with GHD.

m Larger series are awaited to better elucidate the clinical significance and reproducibility of
volumetric pituitary computations.

m Next generation sequencing panels may be helpful in defining genetic origin in patients with
MPHD and brain/pituitary anomalies.

m Functional studies and transgenic murine models may help demonstrating the role of
transcription factors in the etiology of congenital hypopituitarism.
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