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What is already known on this topic?
What this study adds?
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or letter, not by initials or names. Photographs of patients’ faces should be included 
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Clinical Trials Registration
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the flow chart and cite/upload it in the manuscript as a figure. In addition, submitted 
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Graphical Abstract
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visibility of authors’ publications and contribute to the scientific community as 
much as possible. In this regard, our journal encourages authors to publish graphical 
abstracts. The provided example abstract below reflects the standards accepted 
by our journal. Therefore, our journal expects authors to adhere to the following 
instructions:
1) Unless authors specify otherwise, the vectors used in the example will be used as 
the standard. Information to be placed beneath the vectors will be provided by the 
authors.
2) The article graphics used in the example will be revised with graphics of the 
authors’ preference.
Once these two stages are completed successfully, the prepared graphical abstract 
will be integrated into the article. Our journal aims to support authors in this process 
and enhance the impact of their scientific work.

Experimental Animals
A statement confirming that all animal experimentation described in the submitted 
manuscript was conducted in accord with accepted standards of humane animal 
care, according to the Declaration of Helsinki and Genova Convention, should be 
included in the manuscript.

Materials and Methods
These should be described and referenced in sufficient detail for other investigators 
to repeat the work. Ethical consent should be included as stated above.
The name of the ethical committee, approval number should be stated. At the same 
time, the Ethics Committee Approval Form should be uploaded with the article.

Results
The Results section should briefly present the experimental data in text, tables, 
and/or figures. Do not compare your observations with that of others in the results 
section. 
The raw results of weight, length/height, body mass index, and blood pressure 
measurements can not be compared among groups since they normally change 
with age and according to gender. Instead, standard deviation scores of those values 
should be reported and compared.

Discussion
The Discussion should focus on the interpretation and significance of the findings 
with concise objective comments that describe their relation to other work in that 
area and contain study limitations.
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Introduction

Puberty is a period of transition and developments 
resulting from a series of events starting in utero that 
are coordinated by the complex and timely interactions 
between the hypothalamus, pituitary gland, and gonads 
(1,2,3). In the normal tempo of maturation, in healthy 
infants, gonadotropin-releasing hormone (GnRH) secreting 
neurons in the hypothalamus, originating from the olfactory 
placode and the neural crest, start secreting GnRHs during 
the first six months of life in boys and two years in girls 
(4,5). During this period, also known as “mini-puberty”, the 
levels of follicle-stimulating hormone (FSH) and luteinizing 
hormone (LH) reach pubertal ranges between 1-3 months 
of life and decrease to prepubertal levels around six months 
in boys, while they can remain elevated for up to 3-4 years 
in girls (6).

In boys, LH induces the maturation of Leydig cells, which 
secrete testosterone and insulin-like peptide 3 (INSL3), both 

of which are responsible for inguinoscrotal testicular descent 
and penile growth (7). Increased FSH levels stimulate 
Sertoli and germ cell proliferation, which constitute 90% of 
testicular volume (7). Androgens are of major importance in 
the onset of spermatogenesis. However, spermatogenesis is 
not observed during the mini-puberty period due to very low 
androgen receptor (AR) expression in Sertoli cells during the 
first year of life (as experimentally confirmed in mice) (7,8). 
In girls, LH induces ovarian follicular theca cells to secrete 
androgens, and in granulosa cells under FSH stimulation, 
they are aromatized to estrogens (3).

The development of pubic hair (pubarche) is not usually 
considered a sign of pubertal onset because pubarche can 
result from the maturation of the adrenal glands (adrenarche), 
and the appearance of pubic hair can be independent of 
activation of the hypothalamic-pituitary-gonadal (HPG) axis. 
Adrenarche is the maturation of the zona reticularis of the 
adrenal gland, resulting in increased production of adrenal 
androgens. These androgens are associated with secondary 
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sexual characteristics, such as the development of pubic 
and axillary hair, body odor, and acne (9).

After this transitory period, GnRHs are inactivated until 
they are reset again at the onset of puberty, which is 
influenced by several factors, including genetic differences, 
exercise, nutrition, endocrine-disrupting chemicals, 
psychosocial factors, and body mass (9,10). Physiologically, 
starting between the ages of 8 and 13 in girls and 9 and 
14 in boys, GnRH neurons start pulsatile GnRH secretion, 
activating FSH and LH, which in turn further stimulate the 
production of sex steroids (10,11). Pubertal sex steroids 
induce the development of secondary sexual characteristics 
and fertility, starting with breast development and uterine 
growth in girls and testicular and penile growth in boys (12). 
Sex steroids in puberty also influence the accrual of bone 
mineral density, changes in body composition and height, 
metabolic responses, and general well-being in both sexes 
(3,13). Any damage to this complex network can cause 
hypogonadism in both males and females (2,12).

Definition of Delayed Puberty

Delayed puberty is defined as lack of the initial signs of 
sexual maturation by an age that is more than 2-2.5 standard 
deviation above the mean for the population (1,12,14). 
Delayed pubertal onset is considered in the absence of 
testicular enlargement (testicular volumes <4 mL) by the 
age of 14 years in boys and breast development (absence of 
glandular breast tissue) by the age of 13 years in girls. Even 
if the onset is within the normal ranges, delayed pubertal 
progression or pubertal arrest is considered when the period 
between the onset and completion of puberty is longer than 
five years in boys, or there is a lack of menarche by 15 years 
of age, or within three years of thelarche in girls (3,15).

Classification of Delayed Puberty

There is no clear consensus in the literature on the 
classification of delayed puberty. Based on a review of the 
literature and text books, delayed puberty can be divided 
into three main categories (Table 1) (9,15,16,17,18): (i) 
hypergonadotropic hypogonadism (congenital and acquired); 
(ii) permanent hypogonadotropic hypogonadism (congenital 
and acquired); and (iii) Transient hypogonadotropic 
hypogonadism [constitutional delay of growth and puberty 
(CDGP) and functional hypogonadotropic hypogonadism 
(FHH)] (Table 1) (1,15,17,19). The etiological distribution of 
delayed puberty in the study by Sedlmeyer and Palmert (20) 
(n=232, 158 males) is summarized in Figure 1. 

Hyper- and Hypogonadotropic Hypogonadism

Hyper- and hypogonadotropic hypogonadism can be 
congenital (permanent or transient) or acquired (3).

Hypogonadotropic Hypogonadism

Hypogonadotropic hypogonadism, characterized by low 
gonadotropins, can be caused by either a permanent 
(isolated or in combination with other pituitary hormone 
deficiencies) or a transient deficiency caused by either a 
primary delay in HPG axis maturation (known as CDGP) 
or a secondary delay in HPG maturation (known as FHH) 
(15,19).

Congenital Hypogonadotropic Hypogonadism 

There has been no definitive epidemiological investigation 
of the prevalence of congenital hypogonadotropic 
hypogonadism (CHH). There is a scarcity of estimates for 
the incidence of CHH and Kallmann syndrome (KS). Studies 
based on French and Sardinian military screening suggest 
varied incidences, with CHH occurring in 1 in 10,000 males 
and KS occurring in 1 in 84,000 males. In the Finnish 
population, the incidence of KS is estimated to be 1 in 
30,000 for males and 1 in 125,000 for females (21,22,23). 
Male patients experience it two to five times more frequently 
than female patients. CHH may be sporadic or familial (9). 
An increasing number of genetic loci involved in either 
the development and migration of GnRH neurons or the 
secretion and action of GnRH have been implicated in CHH. 
More than 30 genes have been identified for isolated or 
multiple anterior pituitary hormone deficiency associated 
with CHH (24). There are several known mechanisms of 
transmission, including autosomal dominant transmission, 
X-linked recessive transmission, autosomal recessive 
transmission, and transmission connected to an imprinting 
locus (3). 

It is also worth noting that isolated CHH is a complex 
entity. Approximately half of patients with CHH exhibit a 
condition called KS, which is characterized by an impaired 
sense of smell. The other half have been reported to 
have normosmic (normal sense of smell) HH (15). There 
is a wide spectrum of phenotypes due to multiple causes 
and incomplete penetrance. KS has been associated with 
mutations in genes, including ANOS1, SEMA3A, and TUBB3, 
and normosmic types have been reported to be caused by 
mutations in GNRH1, KISS1, TAC3, and NR0B1 (25). Some 
of these mutations (FGF1, PROK2, PROKR2, GNRHR) can 
also result in partial loss-of-function, leading to partial 
hypogonadism, which is characterized by arrest of pubertal 
development, and even reversible HH with relatively low 
gonadotropin levels (3,9,26).

KS can be sporadic or familial (autosomal dominant, 
recessive, X-linked, digenic, and oligogenic inheritance 
patterns) and present with diverse phenotypical features 
(21). During the neonatal period, the identification of 
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micropenis and undescended testes (5-40%) in males 
are important physical examination findings in CHH. 
Conversely, there is no particular finding that relates to 
females. Male patients with partial hypogonadism may 
have no clinical findings in the neonatal period (8,9). The 
presence of severe hypospadias excludes the diagnosis of 
CHH (2,12,27). Absent virilization or low libido in males 
and the absence of breast development or amenorrhea in 
females are among the presenting signs during adolescence 
(27). Most CHH patients have eunuchoid proportions, which 
are characterized by arm spans that are 5 cm longer than 
their height. This is related to the delayed closure of the long 
bone epiphysis in the absence of gonadal hormones. On 
average, CHH adolescents attain their mid-parental height 
(12).

CHH can be associated with nonreproductive phenotypes, 
and presenting symptoms including anosmia/hyposmia 
(55-100%), hearing loss (5-15%), mirror movement (19-
31%), dental agenesis (NA), and renal agenesis (8-15%), eye 
movement disorders 3-27%), cleft lip/palate (4-7%), scoliosis 
(13%) and syndactly, polydactyly, and camptodactyly (5%), 
all of which can be useful diagnostic clues in the differential 
diagnosis (2,11,12).

Combined forms may be present with other hormone 
deficiencies (idiopathic or associated with mutations in 
PROP-1, HESX1, and LHX5) and/or could be a component 
of a genetic syndrome (e.g., Prader-Willi syndrome, Noonan 
syndrome, CHARGE syndrome, Bardet-Biedel syndrome, 
Waardenburg syndrome, and Hartfield syndrome) (3,15,19).

Congenital Hypogonadotropic Hypogonadism and Spontaneous 
Remission

It is believed that lifelong hormone therapy is required 
to maintain sexual function and secondary sexual 
characteristics in men with IHH (28). Even though the 
precise pathophysiological mechanisms are unknown, 
it should be noted that the onset of puberty may occur 
spontaneously in 10 to 20% of cases later in life, more 
frequently in males (12). However, there are currently no 
definitive clinical parameters for predicting the reversibility 
of CHH. Hence, the cases should be evaluated every two 
years for the reversibility of the HPG axis (12,29). It should be 
emphasized that the restoration of reproductive axis function 
may be temporary, as some people may relapse into GnRH 
deficiency. Thus, long-term monitoring of reproductive 
function is necessary (12). Pathogenic variations that induce 
CHH and reversibility in clinical follow-up can be identified 
as occurring in FGFR1 (13%), GnRHR (8%), TACR3 (8%), 
PROKR2 (5%), TAC3 (3%), and HS6ST1 (3%) (26,29).

Acquired Hypogonadotropic Hypogonadism

The acquired causes of hypogonadotropic hypogonadism 
may be related to infections (e.g., tuberculosis, meningitis), 
tumors (e.g., craniopharyngiomas, germinomas), infiltrative 
diseases (e.g., sarcoidosis, hemochromatosis), autoimmune 
diseases, radiotherapy, surgery, trauma, drugs, and be 
functional or idiopathic (Table 1) (30).

Constitutional Delay of Growth and Puberty

CDGP is the most common cause of delayed puberty in both 
sexes. It accounts for 65-73% of boys and 30-43% of girls 
(17). It is self-limited and has classically been described 
as representing late variants of the normal spectrum of 
pubertal timing (15,19). CDGP also has a substantial genetic 
component, with 50% to 80% of cases reporting a family 
history of delayed puberty, frequently in an autosomal 
dominant fashion (8,9,15,17,19). Although the exact 
etiological cause of CDGP is not known, increased total 
energy expenditure and insulin sensitivity are among the 
possible causes. As linear development slows in comparison 
to peers entering puberty, the growth chart may indicate 
a steady downward crossing of centiles. The development 
of pubic hair (adrenarche) may also be delayed in CDGP, 
in contrast to CHH, when adrenarche occurs at the normal 
population age (15,19). Puberty begins at a later age than 
usual but continues spontaneously (3). The tempo of pubertal 
development does not follow the chronological age but is 
concurrent with the bone age, which is delayed compared 
to chronological age (3,17). It is a self-limited normal variant 
and is considered an exclusion diagnosis (12,31,32). It is 
often clinically difficult to distinguish adolescents with CDGP 
from those with a form of permanent HH. Differentiating 
between these conditions is particularly difficult in the 
initial evaluation because adolescents with both conditions 
are often prepubertal on examination and have low levels of 
gonadotropins (LH and FSH).

The diagnosis of CHH is the most difficult clinical situation, 
especially when the clinical presentation overlaps with 
CDGP and gives no diagnostic signs. The “gold standard” 
for distinguishing between these two conditions is clinical 
monitoring until the age of 18 years for signs of endogenous 
activation of the HPG axis (progressive testicular enlargement 
or breast development). The presence of endogenous, 
progressive pubertal development by the age of 18 years is 
the “gold standard” for differentiating CDGP from IHH (33).

Functional Hypogonadotropic Hypogonadism

FHH can be due to an underlying systemic illness (e.g., 
celiac disease, asthma, cystic fibrosis), endocrinopathy 
(e.g., growth hormone deficiency, hypothyroidism, 
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hyperprolactinemia), medications (e.g., antipsychotics, 
some antidepressants, opioids), intense exercise, or 
excessive weight loss (12,20,34). While the underlying 
etiology can be identified in only 20% of all cases, it is seen 
more frequently in girls and typically displays reversibility 
once the underlying pathology is treated or restored (2). The 
treatment approaches for selective cases are discussed later 
in this review.

Transient FHH accounts for 10-20% of cases diagnosed with 
delayed puberty and is likely to affect more girls than boys 
(Table 1). Nutrition has been suggested to play an important 
role in the control of GnRH secretion by a mechanism 
that has not yet been identified. Suboptimal nutritional 
status results in a hypogonadotropic state and the arrest of 
pubertal maturation. In malnutrition and chronic diseases, 
weight loss below the level of 80% of the ideal body weight 
can cause delayed or arrested pubertal development (9). 
This pathophysiological condition is usually observed in 
female patients with anorexia nervosa or excessive physical 
activity. Chronic disorders, such as sickle cell anemia, 
thalassemia, cystic fibrosis, inflammatory bowel disease, 
celiac disease, and chronic renal disease may also be 
associated with delayed puberty (Table 1). Malnutrition also 
contributes to short stature, decreased bone mineral density 
(osteopenia and osteoporosis), and a low mood, which are 
often observed in these patients (9).

A history of abdominal pain, constipation, or diarrhea, 
indicating a gastrointestinal disorder; weight gain/loss or 
temperature intolerance, indicating a thyroid disorder; 
disordered body image or eating, indicating a restrictive 
eating disorder; significantly slowed growth, indicating a 
growth hormone deficiency; or participation in high-demand 
athletics (gymnastics, ballet, or long-distance running), could 
be suggestive of an underlying etiology for FHH. On physical 
examination, children with FHH may be underweight for 
their height or have physical signs consistent with a specific 
illness (for example, goiter or abdominal distention) (15,33).

Hypergonadotropic Hypogonadism

Hypergonadotropic hypogonadism, characterized by high 
levels of gonadotropins, is typically caused by primary 
gonadal insufficiency. It may develop due to congenital 
and acquired causes (9,15,33). Conditions associated with 
primary gonadal failure are listed in Table 1. 

Congenital Hypergonadotropic Hypogonadism

Permanent and transient forms of CHH are recognized. 
CHH may result as a consequence of several etiologies, 
such as genetic or chromosomal abnormality syndromes 
(e.g., Turner syndrome in girls or Klinefelter syndrome in 

boys, Noonan syndrome, Fragile X syndrome, trisomy 13), 
metabolic disorders (e.g., galactosemia), steroidogenesis 
defects (e.g., 5-alpha reductase type 2 deficiency, 
17-hydroxylase deficiency, aromatase deficiency), FSH and 
LH β subunit mutations, FSH and LH receptor mutations, 
androgen defects (e.g., complete androgen insensitivity 
syndrome), vanishing testes syndrome (in boys), and 
autoimmune oophoritis (in girls) (Table 1) (3,9,35).

Klinefelter syndrome (47, XXY or 48, XXXY) seen with 
a prevalence of 1 in 660 males, is the most common 
chromosomal aneuploidy and primary hypogonadism 
etiology in boys. Most affected people naturally reach puberty 
at a normal age, but in the years that follow, testosterone 
levels progressively drop as pubertal arrest occurs and 
seminiferous tubule degeneration is accompanied by 
Leydig cell degeneration in Tanner stages 4-5. Individuals 
with Klinefelter syndrome usually present with tall stature, 
gynecomastia, behavioral and neurocognitive problems, 
and their testicular volumes are usually less than 5-6 mL.

Turner syndrome is the most frequent type of 
hypergonadotropic hypogonadism in females, occurring 
in 1 in 2,000 to 2,500 live births. Individuals present with 
specific phenotypical and clinical characteristics (e.g., facial 
appearance, neck webbing, short stature, cardiovascular, 
skeletal, and renal anomalies) and are diagnosed in the 
presence of one intact X chromosome with complete 
or partial absence of the other chromosome. The 45, X 
karyotype is seen in almost half of all girls with Turner 
syndrome. Puberty is frequently missing or delayed in 
Turner syndrome, and it is followed by progressive ovarian 
failure. Importantly, up to 30% of females will experience 
spontaneous pubertal growth, and 2% to 5% will experience 
spontaneous menstruation (9).

Acquired Hypergonadotropic Hypogonadism

Acquired defects may be due to radiation, chemotherapy, 
autoimmunity (e.g., autoimmune polyglandular syndrome), 
gonadal infections (e.g., mumps), or idiopathic (Table 1).

Diagnostic Evaluation of a Patıent with Delayed Puberty

The diagnostic evaluation should consider the medical 
history, including height and weight charts, developmental 
milestones, nutritional status, medications (chemotherapy, 
radiation, steroid), history and/or symptoms of chronic 
disease, and psychosocial functioning, trauma, or infection, 
family history, and physical examination (current height, 
weight, pubertal staging, and syndromic features) (15,36). 
Symptoms suggestive of thyroid dysfunction, androgen 
excess, hyperinsulinism, or an underlying chronic disease 
should be evaluated carefully to exclude the diagnosis 
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Table 1. Etiology of delayed puberty

Hypergonadotropic hypogonadism Permanent hypogonadotropic hypogonadism

Transient hypogonadotropic 
hypogonadism

Functional 
hypogonadotropic 
hypogonadism

CDGP

Frequency
Girls
Boys

15-25%
5%

10-20%
10%

20-30%
10-20%

30-55%
60-80%

Congenital Acquired Congenital (>30 
gene implicated)

Acquired • Systemic illness or 
infections 

 AIDS

• Genetic syndromes and 
related disorders

 Noonan syndrome 
 Klinefelter syndrome
 Down syndrome
 Fragile X syndrome 

(FMR1)

• Trauma
• Testicular 
torsion

• Isole or multiple 
PHD

 Anosmic (Kallmann 
syndrome)

 Normosmic 
(Isolated)

 HPG axis 
developmental 
disorders (Rathke’s 
pouch cyst)

• Monogenic obesity 
(LEP, LEPR, and 
PCSK1)

• Syndromic obesity
 Prader-Willi 

syndrome
 Bardet-Biedl 

syndrome
CHARGE syndrome

• Midline defects
 Sept-optic dysplasia
 Congenital 

hypopituitarism

• CNS 
 Tumors/infiltrative 

diseases
 Astrocytoma
 Germinoma
 Glioma
 Craniopharyngioma
 Prolactinoma
 Langerhans cell 

histiocytosis
 Sarcoidosis

• Rheumatic disease
 Juvenile rheumatoid 

arthritis

• Respiratuvar disease 
 Asthma

• Renal disease 
 Chronic renal disease

• Hematologic and 
oncologic disease

 Sickle cell disease
 Hemosiderosis
 Thalassemia
 Langerhans cell 

histiocytosis
 Leukemia and lymphoma

 Gonadal dysgenesis
 Turner syndrome (45, 

X, or mosaic)
 46, XX pure gonadal 

dysgenesis

• Chemotherapy • Prior CNS infection
Meningitis
Encephalitis

• Endocrinopathy
 Diabetes mellitus
 Hypothyroidism
 Hyperandrogenism
 Hyperprolactinemia
 Growth hormone 

deficiency
 Hypercotisolism

• Testicular regression 
syndrome (Anorchia)

• Radiation 
therapy

• Radiation therapy • Gastrointestinal disease 
 Cystic fibrosis 
 Celiac disease
 Inflammatory bowel 

disease
 Hepatic disease

• Defects in 
steroidogenesis

 5-alpha reductase 
deficiency 

 17, 20 lyase deficiency 
Congenital lipoid adrenal 
hyperplasia (StAR)

 17-hydroxysteroid 
dehydrogenase deficiency 
• Resistance to androgen 
receptor 
• Sertoli cell only 
syndrome
• Gonadotropin resistance

• Gonadal 
infection

 Mumps, 
 Coxsackie

• Chemotherapy • Excessive exercise

• Metabolic disease
 Galactosemia

• Autoimmune 
orchitis
• Autoimmune 
oophoritis

• Trauma • Malnutrition
• Anorexia nervosa/bulimia

• Gonadectomy • Cranial surgery • Drug (eg.glucocorticoid)

CNS: central nervous system, CDGP: constitutional delay of growth and puberty, AIDS: acquired immune deficiency syndrome, HPG: hypothalamic-pituitary gonadal
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of FHH. While hypogonadism is typically diagnosed 
during adolescence, patients with features suggestive 
of hypogonadism, such as micropenis and bilateral 
undescended testis in boys, or those with hypogonadism in 
the family history, can also be evaluated during mini-puberty 
(2). A thorough history should include evidence of anorexia 
and the intensity of exercise. A comprehensive family 
history is essential, including childhood growth trends, 
age at pubertal onset of both parents and siblings, and any 
history of infertility, anosmia, and midline abnormalities of 
parents and siblings (9).

Physical signs, such as cleft lip or palate, bimanual 
synkinesia, congenital ptosis and abnormal visual spatial 
attention, abnormal eye movements, sensorineural hearing 
loss, unilateral renal genesis, agenesis of one or more 
teeth (hypodontia), obesity, features suggestive of CHARGE 
syndrome, and digital and other skeletal abnormalities, will 
raise suspicion of the diagnosis of CHH. A genetic condition 
may be involved if there is delayed cognitive development 
accompanied by obesity or dysmorphic traits (9).

A bone age assessment, early morning basal testosterone, 
LH, and FSH levels (to detect hypergonadotropic 
hypogonadism), and a biochemical analysis that includes 
a full blood count should all be part of the initial screening 
process for delayed puberty. It is advised to do tests for 

sedimentation rate (or C-reactive protein), renal and liver 
function, thyroid function, electrolytes, celiac screen (anti-
transglutaminase IgA), insulin-like growth factor-1 (IGF-1), 
and prolactin to rule out any additional pituitary hormone 
insufficiency or underlying chronic illness (15). Serum 
testosterone levels show a diurnal rhythm, with a decrease 
in the afternoon and evening. As a result, blood samples 
should be taken at the same time every day (ideally in the 
morning) (37).

Other tests, such as pelvic ultrasound for gonad and uterine 
evaluation and renal ultrasound in X-linked CHH, may be 
necessary due to probable anosmin (ANOS) mutations 
associated with renal malformation or unilateral agenesis 
(9).

Olfactory function is a hallmark of the clinical assessment 
of CHH, as ~50% of patients have a defect in the sense 
of smell or KS, also known as “olfactogenital dysplasia” 
(12). Both objective (Pennsylvania Odor Test) and subjective 
(detailed interview) olfactory tests should be performed (9). 
Self-reporting anosmia is sensitive and specific, whereas 
self-reporting normal olfaction is unreliable. Therefore, 
formal olfactory testing should be performed in all patients 
with CHH (12).

Magnetic resonance imaging (MRI) plays a significant role 
in diagnosing hypogonadism. Brain MRI can be used to rule 
out an acquired form of hypogonadism, such as a central 
nervous system tumor, and to identify features of CHH, 
such as defects in the olfactory bulbs, corpus callosum, 
semicircular canals, and cerebellum. In association with 
anosmia or hyposmia, patients with KS typically present 
with unilateral or bilateral olfactory bulb agenesis, olfactory 
tract agenesis, and/or gyrus malformation. An MRI should 
be obtained for any patient with suggestive clinical features 
of intracranial pathology (12,15). 

In the presence of hypergonadotropic hypogonadism, a 
karyotype analysis, or comparative genomic hybridization 
(to identify lesser levels of mosaicism) can be used to 
diagnose Turner or Klinefelter syndrome (15).

A spermiogram is the quantitative and qualitative analysis 
of semen for the assessment of an adult man’s fertility 
potential (12). However, it is not recommended in routine 
practice to perform spermiograms at certain intervals (every 
3-6 months) during the physiological puberty induction 
protocol in adolescents. In the second or third year of 
physiological induction therapy, a spermiogram may be 
carried out for those who are curious about the fertility status 
or for cryopreservation (banking) of sperm (38). According 
to a meta-analysis, gonadotropin therapy resulted in a mean 
sperm concentration of 5.2 million/mL [95% confidence 

Figure 1. Distribution of diagnostic categories among males and 
females (20)

CD: constitutional delay of growth and puberty, FHH: familial 
hypogonadotropic hypogonadism, HypoH: hypogonadotropic 
hypogonadism, HyperH: hypergonadotropic hypogonadism, Other: 
etiology not clearly classified
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interval (CI), 4.7-7.1]. The median time to achieve sperm 
in the ejaculate was 7.1 months (95% CI, 6.3-10.1), and 
the median time to conception was 28.2 months (21.6-
38.5) (39). The latest World Health Organization criteria 
for semen analysis interpretation were published in 2010. 
They were based on semen samples from >4500 men 
in 14 countries and defined lower reference limits for the 
following parameters: 1.5 mL for semen volume, 15 million/
mL for sperm count, 40% for total motility, and 4% for 
normal morphology (40).

Elevated basal plasma FSH and LH levels in the early 
morning (FSH level >25 IU/L to >40 IU/L) indicate 
hypergonadotropic hypogonadism, while undetectable, 
low, at the lower limit of normal levels should suggest 
hypogonadotropic hypogonadism (3,41,42). The differential 
diagnosis of CDGP and CHH does not benefit from baseline 
gonadotropin values, but basal gonadotropin levels are 
frequently elevated in primary hypogonadism because of 
conditions like Turner or Klinefelter syndrome (9).

Over the past 30 years, various basal and stimulation tests 
have been proposed to differentiate between adolescents 
with CDGP, FHH, and persistent HH. Basal gonadotropins, 
GnRH, and human chorionic gonadotropin (hCG) stimulation 
tests all have limitations in diagnostic specificity and 
sensitivity to differentiate between the groups (2,42). Basal 
FSH and LH levels can be identified at prepubertal levels 
(3). In addition, low total testosterone levels in boys (free 
testosterone should be calculated if sex hormone-binding 
globulin is below the reference range) or low estradiol levels 
in girls may suggest the presence of hypogonadism (1,43). 
Since sleeping patterns, food consumption, acute illness, 
and immunoassay type may profoundly affect the values 
measured, a single cut-off for assessment cannot be given; 
however, levels of total testosterone >20 ng/dL in boys and 
>12 pg/mL in girls indicate the pubertal onset, while >12 
nmol/L (>346 ng/dL) for testosterone and >50 pg/mL for 
estradiol have been suggested to rule out the diagnosis of 
hypogonadism (3,44). An 8 a.m. testosterone level >20 ng/
dL predicts the onset of puberty within 12 to 15 months. 
At testosterone levels >100 ng/dL, structural growth is 
accelerated (42).

Levels of FSH, LH and total testosterone stimulated by 
dynamic testing using GnRH, GnRH analog (buserelin, 
leuprolide, nafarelin, triptorelin), and hCG can be useful 
(3). However, the diagnostic utility of these tests in 
distinguishing between youth with CHH and CDGP is 
limited due to significant overlap in diagnostic thresholds 
(15). However, in the absence of a standardized protocol, 
threshold values (peak LH, FSH, and total testosterone) 
vary widely and reliability is low (33). A predominant LH 

response in comparison to FSH or peak LH levels >5 IU/L 
in the GnRH test can indicate pubertal onset or FHH/CDGP 
(45). However, prepubertal GnRH test response should not 
rule out the diagnosis of CDGP and FHH (33). Furthermore, 
it should be noted that while a stimulated peak LH level 
above 5 IU/L (as measured by immunochemiluminometric 
assays) may suggest a diagnosis of CDGP, a normal response 
may still be observed in cases of partial HH.

Minipuberty provides a window of opportunity for evaluation 
of the functionality of the HPG axis before puberty for 
infants with CHH (7). As serum placental estrogen levels 
decline during the first postnatal week, increasing pulsatile 
GnRH production leads to increased gonadotropin and sex 
steroid levels in both sexes (12,42). Gonadotropin levels in 
healthy infants start to increase during the first week of life 
and then decrease toward the age of six months, except for 
FSH levels in girls that remain elevated until 3-4 years of age 
(9). In the neonatal period, low (1.2 IU/L) or undetectable 
levels of FSH are suspicious findings and may indicate CHH 
(2,46). During childhood, the diagnosis is difficult due to 
the physiological hypogonadism normally present during 
this period. The gonadotropic axis is resting, and LH is only 
detectable by ultrasensitive assays, whereas FSH plasma 
concentrations are variable (9). In adolescents, total plasma 
testosterone is low for the age, and baseline FSH and LH are 
also low or low normal. The response to the GnRH test is 
variable and depends on the severity of the gonadotropin 
deficiency, e.g. it may show no response in profound HH but 
be normal in partial HH (42).

Incorporating the markers of gonadal function, such as 
Inhibin B concentrations (marker of Sertoli cell), INSL3 
concentrations (marker of Leydig cells), and anti-Müllerian 
hormone (AMH) levels (marker of granulosa cells and Sertoli 
cell) can assist in confirming the diagnosis (2,47,48). While 
the relationship between testosterone level and AMH is 
positively correlated due to low AR expression (2-15%) in 
Sertoli cells in the first four years of life, this relationship 
reverses with the increase in AR expression in the pubertal 
period. After the age of eight years, AR expression in Sertoli 
cells reaches 90% and spermatogenesis can be induced 
by the effect of increasing intratesticular testosterone 
concentration in the pubertal period (8). In the pubertal 
period, total testosterone level is positively correlated 
with inhibin B and negatively correlated with AMH levels. 
Normogram values of AMH and inhibin levels were 
determined according to age and sex (8,12,42). Low AMH 
levels might be indicative of ovarian failure (49).

Recent studies suggest that inhibin B may be an informative 
and simple first-line test. Inhibin B levels, controlled through 
FSH, reflect Sertoli cell number and activity. Serum inhibin 
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B levels correlate well with testicular size, and low inhibin 
B levels are a negative predictor of fertility (12). Despite 
considerable diversity in the threshold level of inhibin 
B to differentiate between CHH and CDGP, preliminary 
investigations evaluating the significance of baseline inhibin 
B concentrations were encouraging but have not been 
verified. Undetectable inhibin B (<10 pg/mL) is considered 
diagnostic of anorchia, but low, close to undetectable levels 
are also seen in severe forms of CHH. Its levels correlate 
with testicular volume and are therefore a good marker 
of the spermatogenesis and severity of HH. Inhibin B 
transiently peaks around 2-4 months after birth, decreases 
during childhood, and increases again during puberty 
(50). Rohayem et al. (50) observed that a threshold value 
of ≥28.5 pg/mL for inhibin B was sufficient to distinguish 
CDGP from HH in male patients, with a sensitivity of 95%, 
and specificity of 75%. Coutant et al. (48) showed in genital 
stage 1 that a single inhibin B level of 35 pg/mL or less had a 
sensitivity and specificity of 100% and a positive predictive 
value (PPV) of 93% for distinguishing persistent HH patients 
from CDGP patients. In another study, the PPV was 73% 
when the inhibin B threshold was set at 100 pg/mL. The 
predictive value increased to 100% when only patients with 
persistent HH with a testicular volume of less than 3 mL 
were considered. However, the sensitivity and specificity of 
inhibin B were reported to be lower when comparing patients 
with HH diagnosed as part of multiple pituitary hormone 
deficiency with the CDGP group. Combined markers have 
also been used to differentiate CDGP and persistent isolated 
HH. Combined markers have also been used to differentiate 
CDGP and persistent isolated HH. Binder et al. (51) reported 
that a combination of basal LH and inhibin B provided 100% 
sensitivity and 98% specificity for discrimination of the two 
conditions when basal LH <0.3 U/L and inhibin B <111 pg/
mL were used as combined decision limits. Although the 
exact role of inhibin B during female puberty is not known, 
its increasing serum concentration at early puberty reliably 
reflects the secretory maturation of the ovarian follicles, 
which is driven by gonadotropins.

Inhibin B is secreted by granulosa cells in women and is a 
marker of the number of antral follicles. Very few studies 
have investigated the levels of circulating inhibin B levels in 
females with CHH (12). There have been a limited number 
of studies in female patients, and the threshold value for 
inhibin B in terms of discriminating CDGP and HH was 
determined to be <20 pg/mL in the study by Binder et al. 
(51).

In pubertal patients with central hypogonadism, AMH is low 
for the Tanner stage - reflecting lack of FSH stimulation - but 
high for age - reflecting lack of testosterone inhibition (52). 

When compared to prepubertal levels, the AMH decrease 
during Tanner stages 2 and 3 coincides with the increase in 
intratesticular testosterone and the meiotic onset of germ 
cells in the seminiferous tubules during puberty. Although 
AMH serum levels have been reported to be a useful marker 
in discriminating CDGP and HH in male patients, they are 
not as discriminative as inhibin B (8,50). Serum prolactin, 
free T4, thyroid-stimulating hormone, cortisol, IGF-1, and 
IGF binding protein-3 may be determined to characterize 
combined pituitary hormone deficiencies (2). 

Treatment of Hypogonadism

Hormonal therapy is used to induce puberty in adolescent 
males based on published consensus and expert opinion. 
However, there are currently no evidence-based guidelines 
regarding the optimal timing and regimen for inducing 
puberty in either males or females (53,54,55,56).

The choice of preparation and administration route for 
estrogen or testosterone is based on the advantages and 
disadvantages of the available regimens (12). Among 
the different forms of testosterones, oral forms have the 
disadvantage of shorter half-lives, transdermal forms may 
cause skin reactions, and subcutaneous implants require a 
surgical intervention (57,58).

Treatment Approach in Transient Hypogonadism

Delayed puberty can cause psychological distress and low 
self-esteem in adolescent males. It also negatively affects 
metabolic profile, fat distribution, muscle mass, bone mass, 
and growth. It is important to address this issue promptly 
to prevent further complications (53). Therefore, for 
individuals with a possible diagnosis of FHH or CDPG, it is 
recommended that puberty be induced in the short term 
by low-dose administration of sex steroids. In addition, 
induction of delayed puberty can help to trigger a pubertal 
“jump-start” or confirm the diagnosis of a permanent or 
transient etiology (59).

Management of Constitutional Delay of Growth and Puberty 

Although the “watchful waiting” strategy is one of the main 
approaches in CDGP, puberty can be induced with low 
doses of testosterone and estrogens when chronological age 
reaches 14 years and bone age reaches 12 years in boys and 
chronological age reaches 13 years and bone age reaches 
11 years in girls (3,32,60). Inductions are administrated for 
a cycle of 3-6 months, followed by a 3-6-month window 
period of clinical follow-up to allow pubertal “jump start” 
(60). If progression fails, a second trial with higher dosages 
can be administered, before commencing lifelong hormone 
replacement treatment (14). Parenteral testosterone is 
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commonly used to induce puberty in boys with hypogonadism 
and CDGP due to its flexible dosing administration (53). In 
girls, 17-β-estradiol (oral or transdermal), ethinylestradiol 
(oral), or conjugate equine estrogens (oral) are available to 
induce puberty (32,60). The dosing equivalents of various 
estrogen preparation vary significantly: 0.1 mg transdermal 
17-β-estradiol equates to 2 mg oral 17-β estradiol, 20 mg 
oral ethinyl estradiol or 1.25 mg oral conjugated estrogen 
(61). The typical starting dose of estrogen is 0.25 to 0.5 mg 
oral 17-β-estradiol (or 5 micrograms/kg) daily. Alternatively, 
if the transdermal route is preferred, 3.1 to 6.2 mg (1/8 to 
1/4 of a 25 mg/24 h 17-β-estradiol patch) can be used (15). 
The recommendation for pubertal induction protocols in 
cases with suspected CDGP is summarized in Figure 2 for 
male subjects and Table 2 for female subjects (60).

The use of aromatase inhibitors (anastrozole or letrozole) 
for a six-month duration has been shown to induce puberty 
and accelerate growth in boys (32,62). Mauras et al. (63) 
demonstrated that oral letrozole (2.5 mg/day) or anastrozole 
(1.0 mg/day) may be a viable alternative treatment option 
to intramuscular testosterone therapy for pubertal induction 
in male patients with CDGP after six months of use (11,62).

Management of Functional Hypogonadotropic Hypogonadism 

Although there is no clear consensus on the general 
approach to FHH, the underlying etiological cause should 
be treated primarily (17). In these patients, the process 
normalizes spontaneously when the energy deficit is 
corrected or the underlying disease is treated (17). Delayed 
puberty is also frequently observed in chronic renal failure. 
However, spontaneous recovery of gonadotropin secretion 
has been observed in these patients after successful 
renal transplantation (9). In FHH, if attempts to modify 
nutritional, psychological, and exercise-related variables 
are unsuccessful in establishing menses, clinicians may 
consider estrogen replacement. Even after as little as 
6-12 months of amenorrhea, bone outcomes may be 
compromised. Therefore, clinicians may consider short-
term transdermal E2 with cyclic oral progestin therapy after 
6 to 12 months of nutritional, psychological, and exercise-
related interventions in those with low bone density and/
or evidence of skeletal fragility. It should be noted that E2 
replacement therapy may not protect bone health if there 
are ongoing nutritional factors or energy deficits (36).

Figure 2. Pubertal induction protocol in boys with CDGP

CDGP: constitutional delay of growth and puberty, hCG: human chorionic gonadotropin hormone, rhFSH: recombinant human follicular stimulating 
hormone
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Treatment of Permanent Hypogonadism

Approach to Hypogonadism in Male Patients

There are two possible approaches to pubertal induction in 
boys. The first is parenteral or transdermal testosterone esters, 
which are used in the treatment of both hypergonadotropic 
and hypogonadotropic hypogonadism (traditional pubertal 
induction). The second is GnRH and gonadotropin therapy 
(physiological pubertal induction), which is recommended 
in the treatment of permanent HH (38).

Parenteral Testosterone Replacement Treatment

Adolescents with delayed puberty should start puberty 
induction therapy around the average age of normal 
male puberty (12 years). In cases where the distinction 
between permanent HH and CDGP can not be made, it is 
recommended to wait until the chronological age is 14 and 
the bone age is 12 before starting testosterone replacement 
treatment (TRT) (53,60,64). In addition, in prepubertal 
children who are short for their age, postponing treatment 
may be an option to increase their final height (53,65). The 
most commonly used method of exogenous TRT is known to 
induce virilization, enhance sexual function, increase bone 
density, and promote lean body mass. Gonadal development 
cannot be stimulated via TRT, since it suppresses serum LH 
secretion, decreasing intratesticular testosterone levels by 
98%. Some authors argue against its use as a therapeutic 
option for hypogonadal males, and favor gonadotropins, 
since it may cause atrophy of the germinal epithelium and 
decrease spermatogenesis (7,66,67,68). Thus, in adolescent 
males with permanent HH, hCG, with or without FSH, 
appears to be more physiological and potentially safer than 
testosterone in initiating spermatogenesis and testicular 
growth (53). A meta-analysis by Rastrelli et al. (69) found no 
significant difference in sperm count in patients receiving 
TRT before gonadotropin treatment (5.84 million/mL vs. 
4.88 million/mL, p=0.684). This lack of association implies 
that previous testosterone exposure may not exert an 
adverse effect on fertility rates. However, the authors also 

underlined the impact of the potential interferences in the 
interpretation of data, such as the ecological fallacy, or the 
availability of small numbers of cases. Furthermore, the 
potential reversibility of the cases included in the analysis 
was also highlighted, since 20% of the >300 patients with 
hypogonadism have shown reversibility (70).

In adolescent males with CDGP or permanent hypogonadism, 
TRT is the most commonly used therapy to induce 
puberty. Compared with other treatments, testosterone 
is an effective, convenient, safe, well-tolerated, and cost-
effective option (53). Currently, the only formulations 
approved by the US Food and Drug Administration for 
delayed puberty are intramuscular testosterone esters, 
particularly testosterone enanthate, cypionate, undeconate, 
and subcutaneous testosterone pellets (71,72). In addition, 
several new formulations, including transdermal, nasal, 
subcutaneous, and oral formulations, have recently been 
developed to improve the pharmacokinetic profile and 
ease the administration route, thereby increasing patient 
compliance in adult males with hypogonadism (Table 
3) (53,71). However, during the early pubertal period, 
parenteral testosterone is preferred due to the difficulty of 
dose titration with other forms of testosterone. All these 
formulations are not approved for the pediatric age group, 
although some of them are used as “off-label” regimens 
(71).

The most commonly used form of TRT is intramuscular 
injection of testosterone esters. Unmodified testosterone has 
a half-life of only 10 minutes and would have to be injected 
very frequently. Esterification of the testosterone molecule 
at position 17, for example with propionic or enanthic acid, 
prolongs the activity of testosterone in proportion to the 
length of the side chain when administered intramuscularly 
(37,73). Intramuscular injections of these testosterone 
esters (testosterone propionate and testosterone enanthate) 
result in supraphysiological testosterone levels early after 
administration and subphysiological levels near the end of 
the dosing interval. Attempts have been made to overcome 

Table 2. Pubertal induction protocol in girls with CDGP

 Route Dose Duration Start

Ethinyl estradiol PO 0.05-0.1 µg/kg/day (2.5 µg/day for 6-12 months.
Increase after 6 months to 5 ug/day if necessary

Until breast development 
reaches B3

≥11-12 years BA
≥13 years CA

Conjugated estrogens PO 0.3 mg on alternate days for 6-12 months.
Increase after 6 months to 0.3 mg/day if necessary

≥11-12 years BA
≥13 years CA

17-β-estradiol PO 5 ug/kg/day
Increase after 6 months to 10 ug/day if necessary

≥11-12 years BA
≥13 years CA

T.D As shown in Figure 3 ≥11-12 years BA
≥13 years CA

IM: Intramuscular, SC: subcutaneous, BA: bone age, CA: chronological age, PO: per oral, TD: trans-dermal, CDGP: constitutional delay of growth and 
puberty
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this effect by combining short- and long-acting esters (e.g. 
Sustanon, Testoviron Depot). However, it has been observed 
that these products result in even higher initial serum levels 
of testosterone, without any corresponding increase in the 
duration of their effects. Testosterone propionate must 
be administered every 2-3 days, whereas testosterone 
enanthate and testosterone cypionate only need to be 
administered every 2-3 weeks (72). Although long-acting 
testosterone undeconate has been reported as safe for 
continuing pubertal induction after the age of 18 years, 
there is no data on its use in children (74,75).

The lower limit of ‘normal’ serum testosterone concentration 
is controversial, and the generally used or suggested lower 
serum testosterone concentration for starting therapy varies 
in the four European countries (Germany, France, the UK, 
and Spain) surveyed by the authors. These lower thresholds 
range from 216-346 ng/dL. According to research, serum 
total testosterone concentration of 300 ng/dL (10.4 nmol/L) 
may be clinically relevant for starting TRT in patients with 
symptoms of permanent hypogonadism (37).

During puberty, TRT should be increased gradually to mimic 
normal pubertal physiology and can be stopped when 
the HPG axis is significantly activated, as indicated by an 
increase in the testicular volume of 6 to 8 mL (53,71). In 
adolescents with permanent hyper- or hypogonadism, it 
is recommended to initiate treatment with a low dose of 
intramuscular testosterone enanthate or cypionate (25-50 
mg every four weeks or 1 mg/kg per month) and gradually 
increase the dose by 50 mg every 6-12 months over a period 
of 2-3 years. After reaching a monthly dose of 150-200 
mg, the dosing interval is increased to every 2 weeks. The 
recommended adult dose is 150-200 mg every two weeks. 
Table 3 summarizes the doses of pubertal induction with 
different testosterone products (11,12,59,62,71,76). The 
Endocrine Society Clinical Practice Guidelines recommend 
testosterone enanthate or cypionate 75-100 mg/week or 
150-200 mg/two weeks for young adults and adult with 
hypogonadism (73,77). To prevent accelerated bone age 
and short final adult height, it is recommended to avoid 
high-dose testosterone therapy at the start of pubertal 
induction (76). Continuous monitoring of endogenous 

Table 3. Available preparations and dosing strategies for patients with permanent hypogonadism

Preparation and route of administration Initial dosage 
(pubertal 
induction dose)

Dose increment, 
interval

Adult dose

Induction of puberty in boys

Testosterone enanthate, cypionate, or a mixture of testosterone esters 
(IM)

25-50 mg/ every 4 
weeks or 
1 mg/kg/ every 4 
weeks

Increase of 50 mg 
every 3-12 months 
(ideally 6 months) 
until the dose of 
150-200 mg every 4 
weeks

150-200 mg/every 2 weeks

Testosterone 
undecanoate (IM) 

No data available No data available 750-1000 mg/every 10-14 
week

Testosterone 
undecanoate (oral)

20-40 mg/day Every 6 months 40-80 mg/day 2 twice daily

Testosterone gels, 1% 
or 2% (transdermal)

1% gel 0.5 g up to 5 
g daily
2% gel 10 mg daily 
for 3 months

No data available 1% gel: 50-100 mg daily 
2% gel: 40-70 mg daily

Testosterone patch 
(transdermal)

Age 12.5-15 years
2.5-5.0 mg for over 
8-12 h/daily for 8 
weeks

5 mg for 8-12 h/
daily application for 
6 months

Adult dose: 5-10 mg over 24 h daily

Subcutaneous testosterone pellets No data available No data available Adult dose: 8-10 mg/kg every 
6 months three doses (or 150-
450 mg every 3-6 months

Induction of puberty in girls

Ethinyl estradiol, oral 0.05-0.1 µg/kg/day (2.5 µg/day) Every 6-12 months 10-20 µg/day

17-β-estradiol, oral 5 µg/kg/day (0.25 mg/day) 5 µg/kg, every 6 -12 months 1-2 mg/day (max 4 mg)

17-β-estradiol, 
transdermal*

0.08-0.12 µg/kg/day for 10 hours Detailed in Figure 5 50-100 µg/day twice a week

*The transdermal treatment protocol is detailed in Figure 5.
IM: intramuscular, max: maximum
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puberty is recommended. Testicular volume can be assessed 
every six months, and testosterone and LH levels can be 
measured one month following the most recent injection. If 
endogenous puberty does not occur by the age of 18 years, 
the diagnosis of permanent HH is established (15).

Sustanon (250 mg of Sustanon corresponds to 176 mg actual 
testosterone) is the most commonly used, commercially 
available form of testosterone ester mixture, consisting of 
testosterone propionate (30 mg), testosterone phenylpropionate 
(60 mg), testosterone isocaproate (60 mg), and testosterone 
decanoate (100 mg). Various testosterone esters exhibit distinct 
elimination half-lives throughout the body (44,64). A single 
dose of Sustanon 250 mg leads to an increase of total plasma 
testosterone with peak levels of approximately 70 nmol/L (2019 
ng/dL) (Cmax), which is reached approximately 24-48 h (tmax) after 
administration. Plasma testosterone levels return to the lower 
limit of the normal range in males in approximately 21 days 
(https://www.medicines.org.uk/emc/product/5373/smpc#gref) 
(78). The actual testosterone content in 100 mg of testosterone 
enanthate and cypionate is 70 and 73 mg respectively, while 
100 mg of Sustanon contains a similar amount (70.4) of actual 
testosterone. Table 4 summarizes the peak effects, half-lives, 
and actual testosterone amounts within 100 mg of parenteral 
testosterone products (73,74,75,79,80,81).

Infancy 

To date, hormone therapy during the neonatal period 
has only been used in male patients with micropenis/

cryptorchidism and HH in the neonatal period (12). In 
infancy, cryptorchidism in males should be corrected 
by orchiopexy at 6-12 months of age to preserve future 
fertility potential (2,82). There are currently no additional 
data on the use of hCG or GnRH supplements during the 
minipubertal period for future fertility. Some publications 
suggest that high-dose hCG may have negative effects on 
germ cells, including increased apoptosis, intratesticular 
hemorrhage, inflammation, and potential harm to future 
fertility (12,83,84). On the other hand, it has been reported 
that hCG and GnRH treatments have a beneficial effect 
on increasing penis size, increasing testicular volume, 
and facilitating descent of undescended testicles in the 
minipubertal period, although the negative effect on the 
testes remains controversial (12,85,86,87). Smaller doses 
of FSH (2.5 IU/kg twice a week) and hCG (20 IU/kg twice a 
week) have been recommended during infancy; however, 
larger prospective randomized controlled trials are needed 
(85,88). In addition to this treatment, parenteral TRT 
can increase the size of the penis in boys with central 
hypogonadism and primary hypogonadism-associated 
micropenis (2,76,89). Administration of testosterone 
cypionate or enanthate in oil (25 mg) every 3-4 weeks for 
3-4 months or topical 5α-dihydrotestosterone gel (5%) are 
two possible approaches (89,90). The 5% testosterone gel 
can either be applied 3 times a day for 5 weeks or 0.2-0.3 
mg/kg once daily for 3 months (76,90,91).

Table 4. Actual testosterone content of testosterone-containing products

Testosterone product Peak after 
injection 
(hours)

Terminal (t1/2)
Median-residence 
time (days)

Actual testosterone 
(per 100 mg)

Actual testosterone content of commercially 
available products (implementation periods)

Testosterone undecanoate (IM)
750 mg
1000 mg

240
168

20.9-34.9 61 *Marketed under the brand names Nebido (1000 
mg/4 mL) vial (Bayer), IM
(10-14-week interval)
Total actual testosterone 610 mg

Testosterone decanoate 24-48 12-14 62 *Marketed under the brand names Sustanon (250 
mg/1 mL vial) (Organon), IM
(2-4 weeks interval)
Total actual testosterone 176 mg

Testosterone Isocaproate 7-9 72

Testosterone phenylpropionate 3-4 66

Testosterone propionate 0.8-1.5 83  

Testosterone cypionate
200 mg 48-120

6-7 70 1-4 weeks interval, IM or SC

Testosterone enanthate
100 mg/week
200 mg/2 week
300 mg/3 week
400 mg/4 week

96-120
48
36-48
36-48

4.5-8.5
73

1-4 weeks interval, IM or SC

*The Sustanon ampoule (a mixture of testosterone esters) is a parenteral product. The contents of the ampoule are indicated by the grey-shaded 
boxes.
IM: intramuscular, SC: subcutaneous
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Monitoring of Parenteral Testosterone Replacement Treatment

It is recommended to monitor testosterone levels 3 
to 6 months after starting TRT. Although there are 
different recommendations regarding the measurement 
of testosterone levels (before injection, one week after 
injection, etc.) due to the different half-lives of testosterone 
products, the general recommendation is the midpoint of 
the two injection times (89). For patients receiving long-
acting parenteral testosterone therapy, such as testosterone 
cypionate and enanthate, which have a short half-life of 
seven days, it is recommended that testosterone levels be 
measured four weeks after the start of treatment and one 
week after injection. For testosterone undecanoate, the 
levels should be measured before each subsequent injection 
(77). 

When the adult dose is attained in the second or third 
year of treatment, the total testosterone level should be 
kept within the mid-normal reference range (350-700 ng/
dL) (77,92). If testosterone is >700 ng/dL or <350 ng/
dL, the dose or frequency should be adjusted. The major 
disadvantage of parenteral testosterone treatment is wide 
fluctuation of plasma testosterone levels, which are not in 
the physiological range for at least 50% of the time. After 
a single intramuscular injection, serum testosterone levels 
rise above physiological ranges, then decline gradually into 
the hypogonadal range by the end of the dosing interval 
(77). Preparations are generally well tolerated, but they may 
cause side effects, such as local reactions, gynecomastia, 
priapism, increased hematocrit (polycythemia), deranged 
liver function, and inappropriate behavioral changes 
(38,76). Polycythemia, which is defined as a hematocrit 
level greater than 52%, is a known side effect of TRT. It is 
recommended to determine hematocrit levels at baseline, 
at 3 to 6 months, and then annually. If the hematocrit 
level exceeds 54%, therapy should be discontinued until 
the hematocrit level decreases to a safe level (77). Patients 
should be monitored for the development of this condition 
and therapeutic phlebotomy may be required if it becomes 
severe (79). Testosterone esters should be used with caution 

in cases of renal impairment and avoided in cases of hepatic 
impairment or hypercalcemia (76).

Physiological Pubertal Induction in the Management of 
Hypogonadotropic Hypogonadism

TRT aims to induce virilization but does not stimulate 
spermatogenesis. On the other hand, pulsatile GnRH 
and gonadotropin treatments for 6-24 months result in 
testicular growth in almost all individuals and stimulate 
spermatogenesis in 80-95% of patients without 
undescended testes (38,87,92). Thus, mimicking the HPG 
axis during the mini-pubertal period to treat infants with 
congenital etiologies or to induce puberty at appropriate 
pubertal ages can be used as an alternative to parenteral 
TRT (92). 

Various physiological pubertal induction protocols, including 
the use of hCG alone or in combination with recombinant 
FSH (rFSH), have been proposed in guidelines and studies 
for adolescent boys with permanent HH (Figure 3) 
(38,50,53,66,93). Various hCG products, which are derived 
from pregnant women’s urine (Pregnyle, N.V. Organon, 
The Netherlands, or Choriomon, Institut Biochimique 
SA, Switzerland) or from recombinant DNA technology 
(Ovitrelle, Merck Serono) are commercially available, and no 
difference in efficacy has been reported between the two 
forms (94,95). One study showed that after administration 
of urinary hCG (5000 IU) and recombinant hCG (6500 IU), 
there was no significant difference in peak testosterone and 
estradiol levels (96). Urinary hCG preparations are currently 
marketed in lyophilized vials containing 1500 or 10,000 
IU for intramuscular use. In contrast, recombinant hCG is 
available in prefilled syringes or pen devices containing 250 
mg of pure hCG equivalent to approximately 6500 IU of 
urinary hCG. Although Ovitrellin single injection pens (0.5 
mL, 250 µg=6500 IU hCG) are not suitable for physiological 
pubertal induction, there are ready-to-use pens with 
adjustable doses that are more practical to use. However, 
these pens are not widely available in many countries (39). 
Recombinant hCG is purer than hCG derived from urine and 

Figure 3. Physiological pubertal induction protocols in hypogonadotropic hypogonadism with gonadotropins

hCG: human chorionic gonadotropin hormone, rhFSH: recombinant human follicular stimulating hormone, HypoH: hypogonadotropic 
hypogonadism, GnRH: gonadotropin-releasing hormone, HH: hypogonadotropic hypogonadism
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has a better quality and safety profile than its counterparts 
derived from urine (94,95). Patients using urinary hCG for 
induction of HH may develop antibodies to hCG, which can 
lead to testosterone unresponsiveness (28,97,98).

rFSH has been reported to have a better safety and quality 
profile than its urinary counterparts. In general, rFSH 
preparations are purer than urine-derived FSH, and the 
inclusion of mass and vial filling has virtually eliminated 
batch-to-batch variation and enabled accurate dosing. 
The most common FSH preparations are recombinant, 
administered subcutaneously two or three times a week for 
3-6 months at doses ranging from 75 to 300 IU (95). Long-
acting FSH preparations have also been developed in recent 
years. Corifollitrophin alpha, a long-acting FSH analogue, 
needs to be administered every two weeks. Although it has 
been proven effective, FSH analogues are not commonly 
used (39).

There is consistent evidence that recombinant rFSH/hCG 
combination therapy is significantly more effective than 
hCG alone in both inducing spermatogenesis and increasing 
testicular volume (69). There is also some evidence that 
pre-treatment with rFSH followed by combination with hCG 
or GnRH is even more effective in optimizing Sertoli cell 
maturation and inducing spermatogenesis in extremely 
small testes (<4 mL) (28,38,66). This treatment led to a 
significant increase in TV (bi-testicular volume: from 5±5 
to 34±3 mL) and to the induction of spermatogenesis in 
91% of the patients (93). Although hCG alone can increase 
testicular volume, combined treatment with hCG and FSH 
has been shown to result in a better response in terms of 
final testicular size (53). In a meta-analysis study conducted 
by Alexander et al. (99) in 2023, which included 103 studies 
with a mean age of less than 25 years, gonadotropin 
therapy was found to increase testicular volume, penile 
size, testosterone levels, and spermatogenesis success. The 
success rate was 86% (82-91%) in patients who received 
hCG+FSH therapy and 50% (25-56%) in patients who 

received hCG monotherapy. However, it was emphasized 
that the treatment options, doses, durations, and results 
were heterogeneous, and therefore new randomized 
control studies are needed. Rastrelli et al. (69) conducted 
a meta-analysis and found that patients who received 
hCG monotherapy had a significantly lower sperm count 
compared to those who received hCG+FSH treatment (0.47 
million/mL vs 11.57 million/mL, respectively, p<0.001). 
Various factors affecting the fertility success of physiological 
induction are summarized in Table 5 (12,87,99). 

It is important to note that the physiological pubertal 
induction protocol has several significant disadvantages, 
including the requirement for five injections each week, 
consisting of two hCG injections and three FSH injections. 
Moreover, acquiring the essential medications may pose 
challenges contingent upon the economic circumstances 
prevailing in the country (especially hCG), and the cost is 
higher compared to traditional parenteral TRT. Moreover, it 
remains unclear whether a physiological protocol for inducing 
puberty should be applied to individuals in the pubertal age 
group. The use of physiological pubertal induction therapy 
is limited due to its high cost and impractical lifelong use. 
Although there is no strong evidence to support switching 
to parenteral TRT after completing physiological pubertal 
induction therapy, it is reported that TRT can be used once 
physiological induction therapy is completed (6-24 months) 
until fertility is desired. However, it is recommended to 
perform a spermiogram before switching to TRT treatment. 
If there is enough sperm in the ejaculate, it is advisable to 
consider sperm cryopreservation (banking), especially in 
cases of severe oligospermia, to improve future fertility. In 
cases of azoospermia, individuals may be classified as ‘poor 
responders’ to gonadotropin stimulation. In such cases, a 
testicular sperm extraction procedure may be considered. It 
is unclear whether spermatogenesis will begin more quickly 
with repeated physiological induction therapy after TRT 
treatment. Therefore, a spermiogram should be performed 
before the transition (38). 

Table 5. Factors affecting fertility success during physiological pubertal induction therapy

 Factors affecting success

- History of bilateral undescended testis? Yes

- Bilateral undescended testis operation time? >12 month

- Dysgenetic condition of the testes? Yes

- Etiology of HypoH? Is it congenital or acquired? Congenital?

- Prior exposure to androgens? Controversial

- Is the minipubertal period physiologically mimicked in permanent 
hypogonadotropic hypogonadism?

No long-term data

- Testicular volumes before treatment? <4 mL

- Basal inhibin B levels? <10 pg/mL

HypoH: hypogonadotropic hypogonadism
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For cases with acquired permanent HH where pubertal 
arrest (TV >4 mL) has occurred or minipuberty has been 
experienced, fertility probabilities are greatly increased 
with the application of a physiological induction protocol in 
advanced ages, even if the physiological induction protocol 
was not applied during the pubertal period (53).

Should Physiological Induction Be Performed During the 
Minipuberty or Prepubertal Period?

FSH is necessary for the development of the Sertoli cell 
population. Following birth, Sertoli cells proliferate under 
the control of FSH during the first few months of life and in 
early puberty. The number of Sertoli cells is directly related to 
sperm production capacity. Each of these somatic cells can 
only support a limited number of developing spermatogenic 
cells. In line with these findings, it has been suggested that 
male patients who have not experienced mini-pubertal 
periods as a result of CHH have a poor response to pulsatile 
GnRH in terms of testicular growth and spermatogenesis 
(28,32).

Infants with micropenis associated with HH require TRT 
to increase the length of the penis. However, gonadotropin 
therapy with recombinant human FSH (rhFSH) and rhLH 
can also be used to enhance testicular enlargement before 
orchiopexy and correct micropenis (28,85,86,87,100). 
In recent years, it has been proposed to use physiological 
mimicry of the mini-puberty process with rhFSH and rhLH 
to increase the fertility potential of patients with CHH in 
adulthood. It is important to note that this approach is still 
being researched and is not yet widely used. In small groups 
of patients, different physiological induction protocols 
(continuous pump infusion or intermittent subcutaneous 
injection) have been used during the postnatal period of 0.7-
6 months (mini-puberty), resulting in increases in testicular 
volume, penile length, testosterone, and inhibin B levels 
(85,86,87,101). However, these trials, which physiologically 
mimicked mini-puberty, did not provide information on 
adult fertility outcomes (85,86,87,101).

In an experimental study conducted in 2005, it was shown 
that administering FSH for four months before induction of 
puberty increased testicular volume and inhibin B levels, 
and also increased the number of Sertoli cells and type A 
spermatogonia (102). Following this experimental study, 
in 2007, Raivio et al. (103) proposed a new treatment for 
prepubertal boys with congenital and acquired HH, using 
rhFSH to increase sperm production by inducing the 
proliferation of immature Sertoli cells before hCG treatment. 
This study included 14 prepubertal male patients with 
different diagnoses: two patients with idiopathic HH, two 
with KS, four with idiopathic panhypopituitarism, and six 

with organic panhypopituitarism. The patients were aged 
between 9.9 and 17 years and had a testicular volume of 
less than 3 mL. The patients underwent rhFSH priming 
(1.5 IU/kg/dose, 3 times a week) for two months-2.8 years. 
The study found that there was a significant increase in 
testicular volume and inhibin B levels (0.9±0.6 mL to 
1.8±1.1 mL, p<0.005 and 27±14 to 80±57 pg/mL, 
p<0.01, respectively). Spermatogenesis was successful 
in 6 out of 7 boys (86%) who provided semen samples, 
with a maximum sperm count ranging from 2.9 to 92 
million/mL (median 8.5 million/mL). It was emphasized 
that the proliferation of the germ cell pool is important for 
fertility success and that FSH priming is necessary before 
hCG treatment (103). They emphasized that poor inhibin 
B responses in three patients who did not have postnatal 
hypothalamic-pituitary axis activation (indicating that they 
did not experience mini-puberty) would negatively affect 
future fertility success. One of the major limitations of 
this study is that patients were not classified by etiology, 
presence or absence of cryptorchidism, and the duration 
of FSH was not standardized. To achieve better outcomes 
in future studies, it is recommended to classify patients 
according to etiology and standardize FSH duration. The 
high fertility success observed in this study may be related 
to the inclusion of patients diagnosed with acquired HH 
with pubertal arrest.

Following the demonstration of the effect of FSH priming 
on fertility success in the experimental study by Pitteloud 
and Dwyer et al. (66) in 2005 (102), an open randomized 
controlled trial was conducted by the same authors in 2013 
in 13 male patients with CHH and no history of undescended 
testicles. Seven patients received rhFSH (75-150 IU SC QD) 
for four months, followed by treatment with GnRH and 
the other group (n=6) received only GnRH from the start 
of treatment. At the 24th month of treatment, testicular 
volume, sperm count, and fertility success were significantly 
higher in the FSH-primed group compared with the non-
FSH-primed group (testicular volumes; 9.3±1.7 mL and 
6.6±1.3 mL; sperm counts; 5.8±2.3 and 2.6±1.5/106 mL, 
fertility success, 100% and 66% respectively). In this study, 
although the mini-puberty period was not experienced in 
the FSH priming group, all cases were considered to be 
fertile (66). The results of this study suggest that, contrary to 
the study by Raivio et al. (103), the physiological mimicry of 
the minipubertal period is not mandatory (66). Randomized 
studies with large patient populations are needed to reach 
firmer conclusions in this area. 

Although these two studies (66,103) make a valuable 
contribution to the literature, the most important drawbacks 
are the small number of cases included in the groups 
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studied. In addition, the heterogeneity of the diagnoses in 
the study group of Raivio et al. (103) does not provide strong 
evidence for the mimicry of the mini-pubertal period. The 
physiological induction protocols that have been used in the 
mini-pubertal period have been used as non-standardized 
protocols in isolated cases or small groups of patients, and 
there is a lack of data on the fertility outcomes. However, 
published studies show that combined gonadotropin 
therapy has a more beneficial effect than parenteral TRT 
on testicular (Sertoli cell proliferation and seminiferous 
tubule growth) and genital development (increase in TV 
and penile length) in male patients with CHH during the 
mini-pubertal period (85,86,87,101). Despite the beneficial 
effects of gonadotropin therapy, there is still a need for 
strong evidence to support the physiological mimicry of the 
mini-pubertal period. Existing studies suggest the need for 
robust randomized and controlled trials with large patient 
populations in which: (i) the groups are diagnostically 
homogeneous; (ii) the mini-pubertal period is mimicked 
or not with physiologically standardized protocols; and (iii) 
the cases with or without undescended testes are grouped. 
Although there are different physiological induction protocols 
for gonadotropins in the mini-pubertal and pubertal periods 
in boys, there are no data on physiological induction in the 
mini-pubertal period in girls with CHH. In contrast, there 
are gonadotropin protocols for ovulation induction in adult 
female patients with CHH (12).

Physiological Pubertal Induction in Male Patients

In male patients, the physiological pubertal induction 
protocol can be started from the age of 12 years in cases 
with confirmed congenital HH. In cases of unconfirmed 
diagnosis, it should be started after the necessary differential 
diagnoses have been made (11,38). 

Normal levels of both gonadotropins are necessary for 
appropriate spermatogenesis induction during puberty 
(53). The optimal treatment regimen should be used 
when a patient has inadequate pubertal development 
and a testicular size of less than 4 mL. Treatment of 
prepubertal patients (testicular volume <4 mL) initially 
with rhFSH for four months, to maximize the Sertoli cell 
pool, followed by combination treatment with rhFSH and 
hCG has been suggested as the most favorable strategy for 
future fertility (93,104). FSH maximizes Sertoli and germ 
cell counts, and increases seminiferous tubule growth 
(7). Recombinant hCG, which shares a receptor with LH, 
increases serum testosterone levels, both of which lead to 
normal spermatogenesis (66). For patients experiencing 
spontaneous onset of puberty or pubertal arrest (due to any 
etiological reason), with a testicular volume of 4 mL or more, 

hCG monotherapy or hCG combined therapy with FSH can 
be initiated as the primary treatment option (53,93). 

Rohayem et al. (93) studied a relatively large group (n=34) 
of adolescents with delayed puberty, with the majority of 
them having no signs of puberty. The adolescents were 
treated with low doses of hCG (250-500 IU twice a week) 
with gradual increases of 250-500 IU every six months, and 
when the target pubertal level of serum testosterone (5.2 
nmol/L=150 ng/dL) was reached, rFSH was introduced 
(93). Typically, it is advised to provide hCG at a dosage of 
500-2500 IU per dose, 2-3 times per week, towards the 
conclusion of the treatment (12). The literature states that 
the recommended dosage ranges from 3000 to 10000 IU 
each dose, administered 2 to 3 times per week (105). The 
initial dosage of FSH is typically 75-150 IU (or 1 IU/kg/dose) 
administered every other day (or 3 times per week) (106). To 
attain a serum FSH concentration within the physiological 
range of 1-7 IU/L, the dosage should be increased if deemed 
required (93). The physiological induction protocol in male 
patients was revised according to the recommendations of 
Rohayem et al. (93) (German Adolescent Hypogonadotropic 
Hypogonadism Study Group). Figures 3 and 4 summarize 
the general recommendation for physiological pubertal 
induction in male patients (53,93).

In addition to the assessment of the development of the 
secondary sex characteristics, serum levels of FSH, inhibin 
B, total testosterone, and hemoglobin should be monitored 
at 3-month intervals to assess safety and efficacy (12). The 
dose of hCG should be adjusted according to testosterone 
levels, while the dose of FSH is typically modified based on 
the clinical signs and FSH levels (Figure 4) (53,66,93). The 
half-life of hCG is approximately 36 hours. Therefore, total 
testosterone and estradiol concentrations obtained before the 
subsequent injection are the most informative indicators for 
ensuring that the target testosterone concentration is being 
maintained. Normal serum testosterone concentrations 
may not be achieved due to poor adherence or, rarely, the 
development of antibodies (106).

For patients with CHH who have GnRH deficiency but 
normal pituitary function, pulsatile GnRH treatment may be 
a viable option for both sexes (12). The most physiological 
approach is to use GnRH infused in a pulsatile fashion, 
with pulse intervals of 90-120 minutes (53). Pulsatile GnRH 
treatment stimulating the release of endogenous FSH 
and LH is effective in normalizing the gonadal axis of the 
majority of the patients with HH (except GnRH receptor 
defect) (73). Even in patients with combined pituitary 
hormone deficiencies, in the presence of a pituitary reserve, 
the pituitary-testis axis function is restored in 60% of all 
cases, while displaying no association with the pituitary 
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height or integrity. Liu et al. (107) found that pulsatile GnRH 
therapy for two years in adolescents with the complete form 
of CHH does not significantly enhance testicular growth, 
accelerate the onset of sperm production, or increase sperm 
output compared to hCG/human menopausal gonadotropin 
therapy. While there are several different regimens, it is 
recommended to start GnRH treatment with 5-25 ng/kg 
per pulse administrated at 90-120-minute intervals with an 
increase of 2 ng every month, targeting testosterone levels 
in the mid-normal adult ranges (13,108).

A review by Young et al. (12), evaluating the efficacy of 
GnRH (n=11 trials) and combined gonadotropin therapy 
(n=33 trials) among 1118 patients, demonstrated that the 
median testicular volume increased from 3.4 mL to 9.8 mL 
and median sperm count increased from 7.59 million/mL to 
15.3 million/mL. Persistent azoospermia was found in 17% 
(38/219) of patients treated with GnRH infusion, compared 
to 21% (190/899) of patients treated with combined 
gonadotropins (FSH+hCG).

Physiological Protocols for Inducing Puberty in Female Subjects 

The overall goal of sex hormone replacement therapy in 
girls with hypogonadism is to establish an age-appropriate 
endocrine milieu resulting in normal growth, bone mass 
accrual, uterine growth and maturation, and development 
of secondary sexual characteristics and cognitive functions, 
at a tempo consistent with their peer group. The hormone 
replacement therapy process in adolescent girls consists 
of three main stages. It has been suggested that low levels 

of estrogen in healthy pre-pubertal girls may promote 
the maturation of the bones and growth. Therefore, it is 
recommended to start with very low doses of estrogen 
therapy in the early stages, which will not cause breast 
development but will contribute to growth and bone 
maturation. In the second stage, low doses of estrogen 
therapy should be initiated to ensure the physiologic pubertal 
developmental stages and the development of secondary 
sex characteristics, and the dose should be increased in 
certain intervals. In the last stage (2-3 years of treatment), 
when the final estrogen dose is reached, progesterone 
should be added to the treatment to ensure menarche in 
patients who have completed pubertal development. This 
treatment should be continued until the age of menopause 
(56). 

Determining the optimal route, drug, dose, and timing of 
estrogen replacement treatment for girls with hypogonadism 
is an active area of research. There is currently no 
agreement in the literature regarding the most suitable 
approach. Treatment should be individualized (56). The 
most common and preferred form of estrogen replacement 
is 17-β-estradiol. Oral 17-β-estradiol products (ethinyl 
estradiol, conjugated equine estrogen) can be initiated as 
biphasic or triphasic sequential hormone replacement 
regimens combined with progestins. The triphasic regimens 
are useful in providing lower estrogen doses during the 
treatment-free week of the biphasic regimens, hence 
effectively controlling vasomotor symptoms, which can be 
particularly valuable in those with established diagnosis and 

Figure 4. Graphic timeline of recombinant FSH and hCG hormone treatment plan, assessments, and treatment goals 

FSH: follicular stimulating hormone, hCG: human chorionic gonadotropin hormone, rFSH: recombinant FSH, IM: intramuscular 
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older ages (109). However, oral forms have been associated 
with a higher risk of thromboembolism than transdermal 
products. Therefore, transdermal estrogen therapy should 
be the first choice for pubertal induction because it bypasses 
hepatic metabolism and has been shown to result in more 
stable serum estradiol concentrations with no reduction in 
IGF-1 concentrations compared to oral forms (15,110,111). 
However, no significant differences in body composition, 
height, or bone mineralization have been found in studies 
directly comparing oral and transdermal estrogen (15). 
Table 2 shows the dosage and route of administration of 
different estrogen preparations for pubertal induction. 
Although different protocols are available, the transdermal 
estrogen protocol used in this review is based on the protocol 
published by Ankarberg-Lindgren et al. (12,54,55,56) in 
2001 and 2014. The transdermal estrogen protocol is 
summarized in Figure 5.

Progestins are initiated for withdrawal bleeding after 
2-3 years of estrogen treatment or when a significant 
breakthrough bleeding occurs under estrogen treatment 
(111). Micronized crystalline progesterone (100-200 mg/
day) or medroxyprogesterone acetate (5-10 mg/day) are 
preferred and are administrated for 5-10 days each month 
to prevent endometrial hypertrophy (Figure 6) (56,110). 
Gonadotropin or GnRH infusion therapy protocols are not 
commonly used for pubertal induction in adolescent girls. 
In contrast, gonadotropin treatment protocols are used for 
the induction of ovulation in female patients expected to be 
fertile in adulthood (12).

Conclusion

Hormone treatment is essential in hypogonadism as sex 
hormone deficiency can lead to several complications, 
including osteoporosis, changes in body composition, 

Figure 5. Pubertal induction protocol with transdermal estrogen therapy in girls

Figure 6. Monthly administration of estrogen and progesterone after the induction of puberty in an adolescent girl
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metabolic abnormalities, cardiovascular risks, and mood 
disorders. The aim is to help achieve physiological and 
psychological adolescent maturation for the normal 
development of secondary sexual characteristics, uterine/
testicular growth, bone mass, and growth spurt. Treatment 
strategies should be individualized with meticulous dose 
titrations to balance the expectations on pubertal progression 
and expected adult height. 

In recent years, physiological pubertal induction protocols 
(recombinant gonadotropins or GnRH analog) have 
been recommended to increase fertility success in 
cases of persistent HH. The protocol allows induction of 
spermatogenesis in the majority (80-90%) of cases after 
two years. The treatment is generally well accepted and 
tolerated by patients.

However, due to the inconvenience of application, difficulties 
in obtaining drugs, and the lack of strong evidence that 
TRT decreases fertility success, the use of physiological 
induction protocols from mini-puberty and adolescence 
is still controversial. Randomized, case-controlled studies 
are needed to support the use of physiological induction 
protocols in mini-pubertal and adolescent populations.
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Introduction

Disorders of sex development (DSD) occur as a result of a 
disorder in one of the stages of sex development, especially 
in the first trimester due to incompatibility of chromosomes, 
gonads, or anatomical structure (1,2,3). DSDs are classified 
under three main headings: (i) sex chromosomal causes; (ii) 
46, XY DSD; and (iii) 46, XX DSD (3,4). DSDs are observed 
in approximately 1 in 4,500-5,500 births and at least 50 
different congenital urogenital differentiation anomalies 
have been defined to date (4,5). DSD is estimated to be more 
frequent in societies where consanguineous marriages are 

common. DSD is considered a medical, social, and forensic 
emergency in the neonatal and infancy periods because it 
involves many problems, especially in the first two years in 
affected cases, such as sexual identity development disorder, 
hormonal disorders, and psychosocial differences. Families 
ask questions just after birth about the clinical status and 
sex of the baby to the physicians who evaluate the newborn. 
Therefore, rapid, and accurate postnatal diagnosis of babies 
with DSD is very important (1,2,3,4,5).

DSDs are one of the most difficult groups of endocrine 
disorders to diagnose due to their genetic and clinical 
heterogeneity. Hence, a multidisciplinary approach is 
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required from the very beginning of the evaluation of DSD 
patients, due to the highly complex molecular and hormonal 
etiological causes. Multiple genetic etiologies, ranging from 
missense single nucleotide variants (SNVs) to complete 
chromosome aneuploidies, have been demonstrated 
among the genetic causes of DSD. At least 75 genes have 
been associated with DSD in humans. With the genetic 
technologies developed in recent years, DSD cases can 
be diagnosed more quickly and accurately at lower costs 
(6,7,8).

Genetic Methods Used in the Diagnosis of DSD: 
Karyotype analysis and sex chromosome identification 
is the first step in the diagnostic approach to DSD. If sex 
chromosomal causes are identified by karyotype analysis, 
further analyses are not required. However, approximately 
9% of cases have sex chromosome abnormalities, whereas 
higher-resolution molecular and molecular cytogenetic 
analyses are warranted in the majority of cases for genetic 
diagnosis (7,8,9). Cytogenetic and molecular diagnosis of 
biopsy tissues can rarely be performed when chromosomal 
anomalies, especially mosaicism, are considered.

Cytogenetic Investigation

Karyotype Analysis

Karyotype is the organization and classification of human 
chromosomes according to their size, shape, and banding 
patterns. In order to evaluate the organization and general 
morphology of human chromosomes by karyotype analysis, 
the cells to be used must be proliferated in culture. The most 
commonly used cells for karyotype analysis are white blood 
cells, particularly T lymphocytes. For cytogenetic analysis 
of these cells, “short-term culture”, in which a peripheral 
blood sample is seeded in a tissue culture medium and 
then prepared to divide, is the most suitable method. After 
a few days, the dividing cells are arrested in mitosis using 
various chemicals that inhibit the mitotic cascade. In order 
to release the chromosomes, the cells are burst with a 
hypotonic solution added to the medium. Afterwards, they 
are made ready for staining by fixation and smearing (10). 
The work period is 1-2 weeks. 

Karyotype analysis allows the detection of aneuploidy 
and/or mosaicism, and structural variants. In karyotype 
analysis, 20 metaphases are evaluated as standard in most 
laboratories. However, if necessary, especially if mosaic 
conditions are considered, up to 30-50 metaphases can 
be counted. In karyotyping with the standard G-banding, 
a total of approximately 400-550 bands can be visualized. 
This level of resolution allows the detection of deletions 
or duplications larger than approximately 5-10 Mb. The 

diagnostic efficiency in DSD is 15% and the majority of 
these are those with mosaic chromosome structure (6).

Molecular Cytogenetic Investigations

Fluorescence in situ Hybridization

The Fluorescence in situ hybridization (FISH) technique 
is a method that forms a bridge between molecular and 
cytogenetic examinations and is used for the detection 
of large and difficult to detect anomalies for molecular 
studies and small and undetectable anomalies for classical 
cytogenetic studies. It is used to investigate duplications 
larger than 500 kilobases (Kb) or deletions larger than 
100 Kb. In this method, clones containing specific human 
DNA sequences, called “probes”, are used to determine the 
presence or absence of the relevant region of the genome 
during metaphase or interphase. DNA probes can be prepared 
for an entire chromosome, only for a specific chromosome 
region or even only for gene-level targets. The probes are 
fluorescently labelled in different colors. They can be used to 
quickly determine the presence of abnormal chromosome 
numbers in clinical material or to detect chromosomal 
rearrangements. In FISH analysis, 100 or more metaphases 
allow 500 metaphases to be analyzed in an average-quality 
test. It provides more accurate information than karyotype 
analysis, especially in the detection and confirmation of 
structural and numerical chromosomal anomalies and 
mosaic conditions. Although FISH technology provides 
higher sensitivity and higher resolution than G-banding, it 
does not allow simultaneous analysis of all sex chromosomes 
and the whole genome (11). 

Chromosomal Microarray

Copy number variations (CNVs) are one of the well-
characterized causes of genetic diseases. Karyotype and 
microarray analyses are the gold standard methods for CNV 
detection. CNV is classically defined as changes greater than 
1 Kb. The insertions, deletions, and duplications leading to 
CNVs are found throughout the genome in humans and 
affect approximately 12% of the human genome (12,13).

CNVs can occur at different frequencies in populations. 
When the frequency of CNV is more than 1%, it is called 
copy number polymorphism. In the general population, 
deletions are more common than duplications at rate of 
2:1 (14). Deletions are more harmful than duplications 
because dosage-sensitive genes are unable to tolerate 
haploinsufficiency. CNVs containing more than one gene 
can have a wide spectrum of phenotypic effects due to the 
combined effect of different genes on a single phenotype or 
pleiotropic effects of a single gene on multiple phenotypes 
(6,7,13,14).
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Chromosomal microarray is a molecular cytogenetic 
method that analyses CNVs in the DNA sequence across 
the whole genome. As a result of the combined use of 
molecular biological and robotic techniques, it is possible 
to perform gene expression analyses and genotyping 
of single nucleotide polymorphisms (SNPs) in cells with 
arrays obtained by adhering thousands of DNA fragments, 
each representing a specific gene on a glass matrix. The 
conventional cytogenetic methods frequently used in 
laboratories can detect chromosomal alterations of 5Mb 
(1 Mb=1 million bases) or larger. With recent advances in 
chromosomal microarray analyses, the resolution limit of 5 
Mb has decreased markedly (12).

Two frequently used types of microarray methods are array 
comparative genomic hybridization (aCGH) and single 
nucleotide polymorphism array (SNPa). CGH-based arrays 
measure the amount of genomic DNA. It compares the 
genomic DNA in a patient’s sample with that in a normal 
control sample. Improvements in aCGH techniques have 
provided the opportunity to evaluate changes >1 Kb in 
size by comparing them with the reference genome (15). 
In SNPa, DNA probes derived from regions of a single base 
pair (BP) in the genome that show differences between 
individuals are used for CNV detection. It can determine 
the corresponding SNP genotype since each probe is 
present in SNPa (16). In addition, microarray method 
allows homozygosity mapping, detection of chimerism, 
uniparental disomies and inherited genetic identity, and 
diagnosis of polyploidy (15).

Array CGH and SNPa are methods that can detect 
submicroscopic genome imbalance and CNV as small as 
10 Kb throughout the whole genome. In cases with normal 
karyotype analysis, especially syndromic DSD, aCGH and/or 
SNPa analysis should be performed in the absence of other 
known molecular causes. Microarray analysis offers a highly 
efficient and powerful whole genome screening opportunity 
instead of many diagnostic tests used in the identification 
of DSDs. Microarray method is also recommended as a 
first-line test, especially in syndromic cases with multiple 
congenital anomalies (6,7,17).

Molecular Genetic Investigations

Quantitative Fluorescent-polymerase Chain Reaction

Quantitative fluorescent-polymerase chain reaction (QF-
PCR) is a method for the rapid identification of chromosomes 
13, 18, and 21, each a major cause of numerical anoploidy 
in humans, as well as of the X and Y chromosomes and 
the SRY (Sex-Determining Region Y) gene by short tandem 
repeat analysis. The advantages of this method over other 

methods, including FISH, are that it is faster, more reliable, 
less costly, and requires less material. However, it should be 
kept in mind that especially mosaic conditions may not be 
detected by QF-PCR technique (18).

Multiplex Ligation-dependent Probe Amplification

Multiplex ligation-dependent probe amplification (MLPA) is a 
multiplex polymerase chain reaction-based technique that can 
detect dose changes for more than 50 regions in the genomic 
DNA or RNA sequence. It can distinguish even a SNV on 
the genome and is widely used in genetic laboratories as a 
simple, fast, low-cost, practical technique, unlike microarray 
and SNPa methods. MLPA can be used in the diagnosis of 
single gene diseases in which deletions/duplications are 
frequently seen as disease-causing changes (mutations), 
or in the diagnosis of diseases in which large deletions/
duplications are suspected but appear normal after screening 
for SNVs. Array-CGH is another method that is suitable for 
detecting deletions and duplications. However, aCGH is an 
expensive method and MLPA should be preferred if deletion/
duplication is being investigated in a known region or in a 
known gene(s). In addition to deletion/duplication analyses, 
it may provide preliminary information about the number of 
chromosomes and detect aneuploidies with probes arranged 
according to certain regions of the chromosomes. Limitations 
of this method are that it is not suitable for the detection of 
balanced translocations and point mutations, is vulnerable to 
contamination, and has lower resolution due to being targeted 
(usually single gene). MLPA is an analysis method designed to 
be limited to a single gene or gene groups. If more than one 
gene/gene groups are considered in the preliminary diagnosis, 
each gene needs to be analyzed separately, which leads 
to an increase in the analysis time and cost. Chromosomal 
microarray methods should be used when deletion/duplication 
of more than one gene/gene groups is considered (19,20).

Single Gene Sequence Analysis

DNA sequence analyses or sequencing methods are 
used to determine DNA primary (basic) structures. DNA 
sequence analysis has provided a lot of knowledge about 
genetic control mechanisms and gene structure. In order to 
understand the mechanisms related to the appearance and 
treatment processes of hereditary diseases, it is necessary 
to elucidate the gene regions that affect the disease under 
investigation. In this respect, DNA sequence analyses are 
the most important factor in determining the path to be 
followed at the beginning and during the course of the 
treatment process.

With conventional Sanger sequence analysis, short sequence 
reads (maximum 1000-1200 BP) can be performed and 
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each gene is analyzed individually in sequence according 
to the preliminary diagnosis. While this process provides 
highly reliable results, it is time consuming and costly. It 
should be kept in mind that gene dosage imbalances and 
large deletion and duplication mutations cannot be detected 
by Sanger sequence analysis. Therefore, Sanger sequence 
analysis is not a practical approach for routine use in cases 
where a high number of genes or large genes need to be 
analyzed. Large gene deletions and duplications constitute 
an important part of the molecular defect in DSD. For this 
reason, gene-specific MLPA, aCGH or SNPa analyses should 
be performed in cases where mutations cannot be detected 
by Sanger array analysis (6,7,8,9,21).

Next Generation Sequence Analysis

Next generation sequence analysis (NGSA) is based on 
enzymatically cutting DNA, creating a database with a large 
number of DNA fragments, and reproducing these DNA 
fragments. With parallel sequencing, millions of small DNA 
fragments are sequenced simultaneously, ensuring that each 
base in the genome is read more than once and variations can 
be detected more accurately. The main steps of the system 
can be summarized as follows: obtaining biological material 
to be studied; isolation of genomic DNA from the obtained 
biological materials; then selecting the target regions in the 
isolated DNA; creating a DNA database by cutting the DNA 
with an enzymatic reaction; reproducing the DNA fragments 
that make up the database; sequencing the DNA fragments; 
generation of raw data after sequencing; mapping against 
a reference sequence; identification and interpretation of 
possible changes; verification and segregation analysis 
by Sanger sequencing or NGS; identification of candidate 
pathogenic changes; and finally reporting of these data (22).

Targeted Next Generation Sequence Analysis Panels

With targeted NGSA panels, a large number of genes can 
be sequenced simultaneously in a shorter time for diseases 
with genetic heterogeneity in their etiology, such as DSD 
(23). The results can be more easily analyzed in a targeted 
NGSA than in clinical exome or genome analysis, as fewer 
variants will be identified. Thus, NGSA panels provide faster 
results compared to clinical exome and genome analyses. 
Due to genetically highly heterogeneous causes, targeted 
NGSA panels are very fast, highly successful and economical 
for molecular diagnosis in DSD cases (24).

Whole Exome Sequencing

Whole exome sequencing (WES) is a high-resolution 
technology with a relatively high diagnostic success rate 
that allows simultaneous analysis of the coding regions of 
more than 20,000 known genes in the human genome 

(25,26). WES is currently the most common technological 
approach used to analyze the protein-coding part of the 
human genome. Although WES covers only 1-1.5% of the 
human genome, even this small portion of the genome 
contains approximately 85% of the known mutations that 
cause disease. However, it can elucidate the genetic origin of 
diseases in only 25-40% of cases (27). This rate is higher than 
that obtained by more classical methods such as karyotype 
and chromosomal microarray (15-20%) (22). Although WES 
is a powerful diagnostic tool, it should be recognized that it 
is not the best diagnostic approach for all clinical indications 
and is the most important step in establishing the necessary 
relationships between clinical findings and the phenotype 
variants (28).

Whole Genome Sequencing

While single gene analyses, panel tests, and microarray 
analysis examine known variants in a previously identified 
gene, WES analysis only examines exon regions encoding 
functional proteins. In whole genome sequencing (WGS), 
all coded and non-coded regions of all genes in the human 
genome are sequenced. Thus, nucleotide changes that can 
cause genetically complex diseases can be fully analyzed. 
WGS enables the comprehensive identification of many 
variants simultaneously in a single gene analysis. Today, 
numerous clinical studies have revealed that non-coding 
sequence variants also play a critical role in the diagnosis of 
diseases. While 85% of information can be provided with 
WES, detailed information about the genome is provided by 
looking at non-coding variants, deletions, duplications, and 
CNVs encoded in “WGS” (27).

Clinical information and phenotypic characteristics of the 
patient are very important in the diagnostic success of 
WGS. If the clinical information is given in detail, it will be 
easier to find the relevant gene variant among thousands 
of genes. A very large variant database is also required for 
more successful phenotype-genotype matching and faster 
determination of the patient’s diagnosis (29).

Diagnostic Approach for Disorders of Sex Development

Rapid and accurate diagnosis of DSD is urgent in terms of 
sex selection and management of the case in neonates. 
Incorrect and delayed diagnosis in the early period may cause 
serious and sometimes irreversible medical, anatomical, 
and psycho-social problems for the child and his/her family. 
The difficulty in diagnosis and the long duration of the 
diagnosis make the management of the case challenging for 
healthcare professionals and increase medical expenditures. 
For all these reasons, early, accurate, and rapid diagnosis is 
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very important in DSD cases. Currently, diagnosis of DSD 
cases takes a long time with classical hormonal and genetic 
analyses. One of the most important problems in the 
diagnosis of DSD is the high genetic heterogeneity (1,2,3,4). 
The first step in the diagnostic approach in DSD cases 
requires the determination of the patient’s sex chromosome 
and the presence of the SRY gene. The gold standard test 
for sex chromosome determination is karyotype analysis. 
However, since the determination of sex chromosomes 
by karyotype analysis is quite time consuming, QF-PCR 
or FISH analysis can be used for rapid sex chromosome 
determination. FISH and QF-PCR analyses are also used to 
identify the presence of the SRY gene (3,4,6,7,9).

Following the determination of sex chromosomes and 
evaluation of the presence of the SRY gene, further molecular 
genetic analyses are required for the preliminary diagnosis 
based on clinical and hormonal findings. With the widely 
used Sanger sequence analysis, short sequence (maximum 
1,000-1,200 BP) readings can be performed, and each 
gene is analyzed separately in sequence for preliminary 
diagnosis. This procedure is very time consuming and 
costly. In addition, large deletion and duplication mutations 
cannot be detected by Sanger sequence analysis. Large 
gene deletions and duplications constitute an important 
part of molecular defects in DSD. MLPA analysis specific to 
the relevant gene should be performed in patients who are 
thought to have a mutation in a specific gene according to 
the preliminary diagnosis but in whom mutation cannot be 
detected by Sanger sequence analysis (6,7,8,9).

Algorithms in current diagnostic flowcharts are often time-
consuming, costly, and unsuitable to accurately and rapidly 
diagnose DSD, which is considered one of the endocrine 
urgencies.

NGSA is widely used in genetic research laboratories and 
clinical diagnostic centers. Whole genome, whole exome, or 
targeted gene analyses can be performed with NGSA. NGSA 
provides important advantages in the diagnosis of genetic 
heterogeneous diseases like DSD (30,31). Genes responsible 
for the etiology can be studied simultaneously with NGSA 
and thus, results can be obtained much more easily and in a 
shorter time compared to Sanger sequence analysis. It was 
shown by Özen et al. (24) that 45% of cases were diagnosed 
molecularly with a targeted NGSA gene panel in 46, XY DSD 
cases, the diagnostic time could be reduced to three days 
and the diagnostic cost was one-third of the conventional 
diagnostic approach. Despite all these advantages, the NGSA 
method has some limitations. Especially in cases where the 
reading depth is low, it may result in sequence errors and 
misalignment. It is not possible to detect large deletion or 

insertion mutations, triple nucleotide repeat regions, and 
some CNVs with NGSA due to short reads. This situation 
interferes with the holistic approach to the diagnosis of 
DSD with NGSA. Additional molecular analyses, such as 
MLPA or microarray analysis, are needed to demonstrate 
large deletions and duplications (30,31). Table 1 shows the 
characteristics of current and future genetic technologies 
used for the diagnosis of DSD (6).

The Approach to Be Followed in Genetic Diagnosis

Depending on the history, findings on physical examination, 
family history of DSD or reproductive problems, 
chromosomal sex, initial hormonal evaluation, presence of 
associated malformations, presence of functional testis or 
Müllerian structures, locally preferred or available genetic 
testing facilities, diagnostic pathways for the genetic 
diagnosis of DSD can be designed. The clinical and genetic 
diagnosis flowcharts for 46, XX DSD and 46, XY DSD are 
presented in Figures 1, 2.

In general, a preliminary diagnosis of DSD subgroup is first 
made by physical examination and hormonal evaluation, 
followed by sex chromosome identification. According to 
these preliminary diagnoses, targeted gene panels based 
on NGSA, WES and then WGS analyses can be performed.
However, chromosomal microarray analysis should also be 
performed, especially in cases with syndromic findings and 
if no pathology is detected with other tests. In an infant 
with atypical external genital appearance, the presence of 
palpable gonads, the status of Müllerian structures, initial 
chromosome analyses, and hormonal evaluations may 
determine the genetic test to be selected according to 
the preliminary diagnosis. Currently, a multidisciplinary 
diagnostic approach is recommended from the beginning 
in genetically heterogeneous diseases like DSD.

Most genetic laboratories follow the American College of 
Medical Genetics and Genomics guidelines and use standard 
terminology [‘pathogenic’, ‘likely pathogenic’, ‘variants of 
uncertain significance (VUS)’, ‘likely benign’, and ‘benign’] 
for the interpretation of variants obtained from sequence 
analysis of genes causing Mendelian inherited diseases.

Currently, the general recommendation is to report variants 
categorized as ‘pathogenic’, ‘likely pathogenic’, and ‘VUS’ 
in the gene(s) related to the patient phenotype (32). A 
multidisciplinary team consisting of pediatric endocrinology, 
genetics, and clinical biochemistry specialists is required in 
the evaluation of genetic results, especially “VUS” obtained 
from targeted gene panel and/or whole exome/genome 
sequencing and microarray technologies in cases related to 
DSD other than chromosome disorders. After the evaluation 
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Table 1. Characteristics and utilisation fields of genetic tests used in the diagnosis of DSD

Methodology Operation 
time

Identifiable variants Resolution Diagnostic 
efficiencyAneuploidy and/

or mosaicism
CNV Encoded 

SNV
Uncoded 
SNV

Structural 
variant

Clinically feasible methods

Karyotype 1-4 weeks   X X X   >5 Mb 15% 
(mostly 
mosaics)

Interphase FISH (X, Y or 
SRY markers)

<3 days   X X X X Inapplicable Rapid 
gender 
decision

Microarray 2-3 weeks     X X X <50 Kb 15%

Single-gene analysis or gene 
panel

  X X   X X SNV: 1 
nucleotide 
indels: <50 BP

Panel 
dependent

Whole exome sequencing   X X   X X SNV: 1 
nucleotide 
indels: <50 BP

30-45%

Whole genome sequencing   X +
Requires 
verification

    +
Requires 
verification

SNV: 1 
nucleotide 

At least  
30-45%

Preclinical, future methods

Optical genome mapping       X X   Structural 
variant: >500 
BP

?

‘‘Long read’’ sequencing ? X   X X   Structural 
variant: 50 BP

?

BP: base pair, CNV: copy number variation, FISH: fluorescence in situ hybridization, Kb: kilobase, Mb: million bases, SNV: single nucleotide variant, SRY: sex-determining 
region Y, DSD: disorders of sex development

Figure 1. Genetic-based diagnostic approach pathway in 46 XX, DSD

CYP11B1: 11β‐hydroxylase, CYP19A1: cytochrome P450 aromatase, CYP21A2: 21α‐hydroxylase, DSD: disorders of sex development, FISH: 
fluorescence in situ hybridization, HSD3B2: 3‐beta hydroxysteroid dehydrogenase 2, MLPA: multiplex ligation-dependent probe amplification, QF-
PCR: quantitative fluorescent-polymerase chain reaction, RSPO1: R-spondin1, SOX9: SRY-box transcription factor 9 
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Figure 3. Characteristics of genetic tests used in the diagnosis of DSD

FISH: fluorescence in situ hybridization, QF-PCR: quantitative fluorescent-polymerase chain reaction, DSD: disorders of sex development

Figure 2. Genetic-based diagnostic approach pathway in 46 XY, DSD

AR: androgen receptor, CYB5A: cytochrome b5 type A, CYP11A1: P450 side‐chain cleavage, CYP17A1: cytochrome P450, family 17, subfamily A, 
DHCR7: 7-dehydrocholesterol reductase, DHH: desert hedgehog signaling molecule, DSD: disorders of sex development, FISH: fluorescence in situ 
hybridization, GATA4: GATA binding protein 4, HSD17B3: 17β‐hydroxysteroid dehydrogenase 3, HSD3B2: 3‐beta hydroxysteroid dehydrogenase 2, 
LHCGR: luteinizing hormone/choriogonadotropin receptor, MAP3K1: mitogen-activated protein kinase 1, MLPA: multiplex ligation-dependent probe 
amplification POR: cytochrome P450 oxidoreductase, QF-PCR: quantitative fluorescent-polymerase chain reaction, SF1/NR5A1: steroidogenic 
factor 1, SOX9: SRY-box transcription factor 9, SRD5A2: steroid 5 alpha-reductase 2, STAR: steroidogenic acute regulatory protein, SRY: sex-
determining region Y, WT1: WT1 transcription factor



Özalp Kızılay and Özen. 
Genetic Diagnostic Approaches in Disorders of Sex Development 

J Clin Res Pediatr Endocrinol
2024;16(4):401-410

408

by the team, second-line endocrine tests and in silico and/or 
in vitro functional analyses should be planned to assess the 
association of any “VUS” with the disease.

Figure 3 shows the main characteristics of genetic tests 
used in the genetic diagnosis of DSD.

Conclusion

The first step in cases with suspected DSD is to determine the 
presence of sex chromosome and the SRY gene. Karyotype 
analysis can be used as a standard for sex chromosome 
detection. In addition, QF-PCR or FISH analysis can be used 
to detect the sex chromosome and SRY gene more rapidly 
and cost-effectively. However, it should be kept in mind that 
QF-PCR analysis cannot show mosaic conditions.

Microarray analysis (array-CGH and SNPa) showing high-
resolution CNV throughout the WGS can be added to the 
first-line genetic tests, especially in DSDs with additional 
malformations, syndromic cases, and those in whom 
variants cannot be detected with other genetic tests.

MLPA can be used in the diagnosis of single gene diseases in 
which deletion/duplication is frequently seen as a disease-
causing variation, or in the diagnosis of diseases in which a 
large deletion/duplication is suspected but was apparently 
negative after screening for SNVs. MLPA should be preferred 
if deletion/duplication is suspected in a gene(s) known to 
be associated with a DSD. Furthermore, in addition to 
deletion/duplication analyses, it may be possible to obtain 
preliminary information about the number of chromosomes 
and detect aneuploidies with probes arranged according to 
some regions of chromosomes.

In all newborns and small infants presenting with 
ambiguous external genitalia, potentially life-threatening 
acute adrenal insufficiency (e.g. forms of congenital adrenal 
hyperplasia such as 21-hydroxylase, 11ß-hydroxylase or 
3ß-hydroxysteroid dehydrogenase deficiencies) should 
be urgently excluded. For this purpose, if a preliminary 
diagnosis can be established by first-line hormonal analyses 
and steroid profile measurement in urine and/or plasma 
together with history and clinical findings, Sanger sequence 
analysis can be promptly performed. In addition, targeted 
gene panels or WES analyses can be performed in these 
cases according to the clinical preliminary diagnosis and the 
facilities of the local genetic laboratory. In all other cases, 
clinical phenotyping, biochemical/hormonal analyses, and 
genetic tests should be planned simultaneously, through a 
multidisciplinary team. To confirm the cause of monogenic 
familial DSD, a simple and cost-effective gene and variant-

specific Sanger sequence analysis can be performed. 
Moreover, a targeted gene panel of suspect genes or WES 
should preferably be used to analyze candidate genes in 
DSD cases with a highly heterogeneous genetic cause. WES 
is currently used for the investigation of new DSD genes, 
in cases where an oligogenic/polygenic basis of DSD is 
suspected, and for further research. 

Despite the genetic tests performed in current daily practice, 
the genetic cause is still not elucidated in a significant 
proportion of cases. In these cases, the use of optical 
genome mapping and techniques, which will probably be in 
daily practice in the near future, may be considered.
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Abstract
Objective: Previous reports indicate that diabetic ketoacidosis (DKA) rates in Malaysian children with type 1 diabetes mellitus (T1DM) 
range between 54-75%, which is higher than most European nations. Knowledge of trends and predictors of DKA can be helpful to 
inform measures to lower the rates of DKA. However, this data is lacking in Malaysian children. Hence, the aim of this study was to 
determine the predictors and trends of DKA in Malaysian children at the initial diagnosis of T1DM.
Methods: This cross-sectional study examined demographic, clinical and biochemical data of all newly diagnosed Malaysian children 
aged 0-18 years with T1DM over 11 years from a single centre. Regression analyses were used to determine predictors and trends.
Results: The overall DKA rate was 73.2%, 54.9% of the DKA cases were severe. Age ≥5 years [odds ratio (OR): 12.29, 95% confidence 
interval (CI): 1.58, 95.58, p=0.017] and misdiagnosis (OR: 3.73, 95% CI: 1.36, 10.24 p=0.01) were significant predictors of a DKA 
presentation. No significant trends in the annual rates of DKA, severe DKA nor children <5 years presenting with DKA were found 
during study period.
Conclusion: DKA rates at initial diagnosis of T1DM in Malaysian children are high and severe DKA accounts for a notable proportion 
of these. Though misdiagnosis and age ≥5 years are predictors of DKA, misdiagnosis can be reduced through better awareness and 
education. The lack of downward trends in DKA and severe DKA highlights the urgency to develop measures to curb its rates. 
Keywords: Diabetic ketoacidosis, childhood, Malaysia, type 1 diabetes, trend

What this study adds?
The DKA rate has remained persistently high since the year 2000 and severe DKA comprised the largest proportion. 96% of children 
under five year presented in DKA. Predictive factors for DKA were age ≥5 years and misdiagnosis. There were no significant trends in 
the rates of children <5 years presenting in DKA nor the rates of severe DKA. 

What is already known on this topic?
The average diabetic ketoacidosis (DKA) rate in Malaysian children with type 1 diabetes mellitus ranged between 54-75% between 
2000-2010.
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Introduction

Type 1 diabetes mellitus (T1DM) is an autoimmune 
condition, which peaks in children between 10-14 years of 
age (1). There is a wide variation in the incidence of T1DM 
worldwide, with higher incidence rates reported in Northern 
Europe as compared to Western Africa and South America 
(2,3). Within Asia, childhood T1DM rates have been 
rising in several regions, including Thailand, Hong Kong 
and Indonesia (4,5,6,7). In Malaysia, T1DM is the most 
common type of childhood diabetes, accounting for >69% 
of all diabetes mellitus cases. The International Diabetes 
Federation World Diabetes Atlas reported that in Malaysia in 
2021, the estimated number of new cases of T1DM in the 
0-19 age group was 100 and that the total number of cases 
was 1000 (5). A prior study by Hong et al. (8,9), showed 
that diabetic ketoacidosis (DKA) at diagnosis occurs in 65% 
of paediatric T1DM cases in Malaysia; however, analysis of 
the risk factors for DKA nor its trends have been conducted. 

Paediatric DKA (pDKA) is a severe and potentially 
fatal presentation of T1DM that is characterised by 
hyperglycaemia, dehydration, ketosis and acidosis (10). 
Early recognition and management of pDKA are essential 
for reducing mortality, morbidity and financial burden. 
The incidence of pDKA at initial diagnosis of T1DM varies 
between countries, with lower rates reported in Northern 
Europe and higher rates in other regions, such as the United 
Arab Emirates, Saudi Arabia, Kuwait, Malaysia and Indonesia 
(11,12,13,14). This variation may be explained by several 
contributing factors, including age, socioeconomic status, 
delayed diagnosis or misdiagnosis, poor public awareness, 
educational background of the parents and the background 
frequency of paediatric T1DM in the population (15,16,17). 

Trend analysis of pDKA at initial diagnosis of T1DM in 
children and determination of its associated risk factors 
has been conducted in several countries. Data from such 
studies are important because these may be informative in 
terms of developing interventions to reduce the incidence 
of pDKA. A recent epidemiological study from Thailand has 
reported that there has been a reduction in pDKA over the 
20-year study period (4). New Zealand and Indonesia, on 
the other hand, have reported a sustained high incidence 
of pDKA at initial diagnosis or a rise in the incidence over 
the respective study periods (6,18). In Malaysia, Hong et 
al. (9), reported that the rate of pDKA at initial diagnosis 
of T1DM in 490 children from multiple centres between 
2000-2010 varied between 54-75% of new cases. Though 
they reported that pDKA rates were mostly high throughout 
the study period, there was no evaluation of severe DKA 
rates nor a determination of the predictors of pDKA. 

Furthermore, data on trends in pDKA in Malaysian children 
with T1DM is limited since the study by Hong et al. (9) 
Nonetheless, their data highlighted the high rates of pDKA 
which is undoubtedly associated with significant morbidity 
and financial costs (19,20). In view of the burden associated 
with DKA, it is important that collective efforts are made 
to reduce the incidence of pDKA. Hence the objective of 
this study was to determine the predictors of pDKA at initial 
diagnosis of T1DM and to describe its trends in Malaysian 
children over an 11-year period.

Experimental Subjects

All newly diagnosed cases of paediatric T1DM in Malaysian 
children who were managed at Universiti Malaya Medical 
Centre (UMMC) between January 1st 2010 to December 
31st 2020 were included. A diagnosis of T1DM and/or DKA 
was made in accordance with the International Society for 
Pediatric and Adolescent Diabetes (ISPAD) guideline for the 
year in which the diagnosis was made. Body mass index 
status was categorised using the World Health Organization 
Z-score cut-offs (21). Non-T1DM diabetes, non-Malaysians 
and subjects with incomplete data concerning DKA at 
diagnosis were excluded from the analysis.

Methods

A cross-sectional study was conducted using retrospective 
data that was extracted from the hospital electronic medical 
record system and letters from the referring physicians. 
Details on age, gender, ethnicity, DKA, misdiagnosis, 
anthropometry, intensive care admission and inpatient stay 
were obtained. DKA was defined as children presenting 
with hyperglycaemia (blood glucose >11 mmol/L) acidosis 
with a venous pH <7.3 or bicarbonate <15 mmol/L and 
ketonaemia or ketonuria. Mild cases were those with either 
venous pH <7.3 or bicarbonate <15 mmol/L, moderate 
cases were those with either a venous pH <7.2 or bicarbonate 
<10 mmol/L and severe were those with a venous pH 
<7.1 or bicarbonate <5 mmol/L. These definitions were in 
accordance with the ISPAD relevant to the year the diagnosis 
was made in. Misdiagnosis was defined as defined as any 
case that was given a diagnosis other than diabetes mellitus 
by a physician at UMMC. UMMC has an electronic medical 
record system with a proforma for in-patient admission 
clerking, into which details on the presenting history are 
entered on admission. All new diagnoses of paediatric T1DM 
are always admitted as inpatients, irrespective of whether 
they present in DKA or not, and all are reviewed by the 
Paediatric Endocrinology team. 

This study was approved by the UMMC Institutional Ethics 
Board MREC ID no: 2019325-7251, date: 29.04.2019.
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Statistical Analysis

The Statistical Package for Social Sciences (SPSS) for 
Windows, version 28.0 (SPSS Corp., Chicago, IL, USA) was 
used for statistical analysis. Demographic, clinical and 
biochemical data were analysed using descriptive statistics; 
mean±standrad deviation for continuous variables and 
frequencies or percentages for categorical variables. 
Comparison of DKA and non-DKA groups were conducted 
using independent Student’s t-test and Pearson’s chi-
squared test (χ²) for continuous and categorical variables 
respectively. A logistic regression model was used to 
determine the predictors of DKA at initial diagnosis of 
T1DM. Gender and ethnicity were adjusted for as potential 
confounders. The odds ratios (OR) along with the respective 
95% confidence intervals (Cıs) were reported. The trend in 
DKA incidence rates over the 11-year period was analysed 
using Poisson regression. A two-sided 5% significance level 
was used for all statistical inferences. 

Results

Demographic, Clinical and Biochemical Characteristics of the 
Overall Cohort

A total of 127 children aged 0-18 years with T1DM were 
identified during the 11-year study period. Males constituted 
46.5% (n=59) and the mean age of the cohort was 8.06±3.78 
years. Children ≥5 years comprised 78.7% (n=100) of the 
whole cohort. The predominant ethnic group was Malay, 39.4 
% (n=50). The overall rate of DKA at presentation was 73.2% 
(n=93) of which more than half were severe DKA (Table 1).

Diabetic Ketoacidosis vs. Non-diabetic Ketoacidosis Groups

The DKA group was significantly younger at diagnosis 
(7.64±4.03 vs. 9.19±2.77 years, p=0.03) with 72.6% 
(n=69) of pDKA group being represented by the ≥5 years age 
category (p=0.003). Notably, 26 of 27 (96%) new diagnoses 
of T1DM presenting <5 years of age had DKA. Misdiagnosis 
rates were significantly higher in the DKA group (43% vs. 
17.6%, p=0.004), as were pediatric intensive care units 
(PICU) admission rates (57.1% vs. 12%, p<0.001) and 
the length of hospital stay (7.72 vs. 5.90, p=0.01) (Table 
2). Comparison of the three categories of severity of DKA 
showed that the severe DKA group had a significantly higher 
rate of admission to PICU (p=0.001) (Table 3). 

Predictors of Paediatric Diabetic Ketoacidosis: Logistic 
Regression Analysis

Binary logistic regression modelling, using DKA and non-
DKA groups as the dependent variables, showed that age 
was a significant predictor of pDKA with ≥5 years age 

group (OR: 12.29, 95% CI: 1.58, 95.85, p=0.017) was 
approximately 12 times more likely to have DKA. Similarly, 
misdiagnosis was determined to be a significant predictor 
of DKA (OR: 3.73, 95% CI: 1.36, 10.24, p=0.01). 

Trends in Diabetic Ketoacidosis Over the Decade

The annual rate of DKA varied from between 20% and 
peaking at 85% in 2015 (Figure 1). The rates of severe DKA 
fluctuated between 28.6% to 100% over the 11-year study 
period. In terms of age group, the percentage of children <5 
years of age who presented in DKA at the initial diagnosis of 
T1DM, varied from 0-46%. The lowest rates were in 2011-
2012 and the highest in 2017.

Poisson regression analysis demonstrated that there were 
no significant increasing nor decreasing trends in the annual 

Table 1. Demographic and clinical characteristics at diagnosis 
of T1DM

Age at diagnosis (years)   

Mean (±SD) 8.06 (±3.78) 

Age group, n (%)   

<5 years 
≥5 years 

27 (21.3) 
100 (78.7) 

Gender, n (%)   

Male 
Female 

59 (46.5) 
68 (53.5) 

Ethnicity, n (%)   

Malay 
Chinese 
Indian 

50 (39.4) 
42 (33.1) 
35 (27.6) 

BMI status, n (%)¥  

Underweight 
Normal weight 
Overweight or obese 

19 (20.7) 
61 (66.3) 
12 (13.0) 

Blood glucose level (mmol/L)#   

Mean (±SD)  27.13 (9.03) 

HbA1c (IFCC) at diagnosis (mmol/mol)#   

Mean (±SD)  115 (5) 

Presence of DKA, n (%)   

DKA 
Non-DKA 

93 (73.2) 
34 (26.8) 

Severity of DKA, n (%)*   

Mild 
Moderate 
Severe 

19 (23.2) 
18 (22.0) 
45 (54.9) 

Data is presented as mean (±SD) for continuous variables (age, and biochemical 
parameters) and as a frequency and percentage for categorical variable. All 
percentages were calculated accounting for missing data.
¥Data was analysed for n=92.
#Data was analysed for n=107.
*Data was analysed for n=82.
$Data was analysed for n=50.
SD: standard deviation, DKA: diabetic ketoacidosis, T1DM: type 1 diabetes 
mellitus, IFCC: International Federation of Clinical Chemistry and Laboratory 
Medicine
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rates of DKA (p=0.09), rates of severe DKA (p=0.64) nor 
the rates of younger age children (<5 years) presenting in 
DKA (p=0.70) at initial diagnosis, over the 11 years. 

Discussion

This single centre study over 11 years showed an overall 
pDKA rate at initial diagnosis of T1DM in Malaysian children 
of 73.2%. A disproportionately large percentage of the cases 
were severe DKA (54.9%). Children presenting in DKA 
were significantly younger than those presenting with new 
T1DM but without DKA. The DKA group was more likely 
to be misdiagnosed and require PICU admission with a 
longer length of inpatient stay. In particular, PICU admission 
rates were significantly higher in severe DKA cases. Logistic 
regression analysis demonstrated that children ≥5 years and 
misdiagnosis were the two main predictors of pDKA in this 
cohort. No significant increasing nor decreasing trends were 
demonstrated in the incidence of pDKA, rates of severe 
DKA, nor the rates of young children (<5 years) presenting 
in DKA at diagnosis over the 11-year study period.

Rates of Diabetic Ketoacidosis

This is the second study to investigate the annual incidence 
of pDKA in Malaysian children at initial diagnosis of T1DM. 
A previous multicentre study by Hong et al. (9), reported an 
overall pDKA rate of 64.7%. Over their 10-year study period, 
the pDKA rate fluctuated between 54.5% and 75%. The 
mean age of their cohort presenting in DKA at diagnosis was 
7.2 years and 70.4% of their <5-year-old cohort presented 
in DKA. Gender and ethnicity were not different between 
the DKA and non-DKA groups. In the context of the study 
by Hong et al. (9), our study highlights that DKA rates in 
Malaysian children have remained high since 2010 and have 
failed to diminish over the last 20 years. Though rates of 
DKA in the current 11-year study also fluctuated, it never fell 
below 20%. Furthermore, a finding that was not previously 
reported is that this high burden of DKA is characterized by 
a high rate of severe DKA cases. Interestingly, over the last 
20 years, the average age of pDKA has remained stable, 7.2 
year in the earlier study and 7.65 year in the current study. 
However, though the mean age of children presenting with 
DKA is represented by the “school-going” age group, it is 
important to note that the frequency of DKA was higher 
in children <5 years; 70.4% in the study of Hong et al. (9) 
compared with 96.3% in the current study.

Malaysian rates of pDKA are significantly higher than several 
Northern European countries but comparable to those 
reported within the Association of Southeast Asian Nations 
(ASEAN) region (22,23,24,25,26). We hypothesize that the 
sustained high rates of pDKA, are related to several factors. 

Table 2. A comparison of DKA vs. non-DKA cases

  DKA (n=93) Non-DKA 
(n=34)

p value 

Age (year)       

Mean age (±SD) 7.65 (4.03)  9.19 (2.77)  0.03 

<5 years  26 (27.4%)  1 (2.9%)  0.003 

≥5 years  67 (72.6%)  33 (97.1%)   

Gender      

Male  43 (46.2%)  16 (47.1%)  0.93

Female  50 (53.8%)  18 (52.9%)   

Ethnicity       

Malay 41 (44.1%)  9 (26.5%)  0.16

Chinese 27 (29.0%)  15 (44.1%)   

Indian  25 (26.9%)  10 (29.4%)   

BMI status¥      

Underweight  18 (26.5%)  1 (4.2%)  0.07

Normal weight  42 (61.8%)  19 (79.2%)   

Overweight or obese  8 (11.8%)  4 (16.7%)   

HCP contact prior to 
diagnosis*

     

Less than 2  55 (70.5%)  23 (85.2%)  0.13

2 or more  23 (29.5%)  4 (14.8%)   

Misdiagnoses, n (%)**      

Misdiagnosis  40 (43.0%)  6 (17.6%)  0.004 

Biochemical parameters      

Mean pH (±SD)  7.07 (0.16) 7.33 (0.15) <0.001 

Mean bicarbonate (mmol/l) 
(±SD) 

8.48 (4.77) 18.64 (5.74) <0.001 

Mean glucose 
(mmol/l) (±SD) 

28.47 (8.56) 23.26 (9.39) 0.01 

Mean HbA1c, IFCC (mmol/
mol) (±SD) 

115 (7.0) 115 (1.0) 0.89 

Current HbA1c, IFCC 
(mmol/mol) 

80 (3) 77 (5.0) 0.68

PICU admission, n (%)#

Yes  40 (57.1) 3 (12.0) <0.001 

No 26 (37.1) 22 (88.0)

Length of hospital stay, days 
(±SD) 

7.72 (2.74) 5.90 (2.22) 0.01 

Data is presented as mean (±SD) for continuous variables (age, biochemical 
parameters, and length of hospital stay) and as a frequency and percentage for 
categorical variable. Comparisons between T1DM participants with DKA versus 
those who did not have DKA used independent t-test for continuous variables 
and χ2 test between categorical variables. Significant findings appear in bold.
¥Data was analysed for n=92.
*Data was analysed for n=105.
**Data was analysed for n=46.
#Data was analysed for n=91.
SD: standard deviation, DKA: diabetic ketoacidosis, T1DM: type 1 diabetes 
mellitus, IFCC: International Federation of Clinical Chemistry and Laboratory 
Medicine, PICU: pediatric intensive care units, BMI: body mass index
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These may include a lower background prevalence rate of T1DM 
in Malaysian children and potentially a reduced awareness that 
T1DM is a disease of childhood amongst the general public as 
well as differences in healthcare system structures. However, 
though these factors have been shown to correlate with high 
DKA rates in other countries, they have yet to be studied in the 
Malaysian context as potential risk factors for DKA and would 
require multicentre prospective studies (14,15). 

Predictors of Diabetic Ketoacidosis at Initial Diagnosis of Type 1 
Diabetes Mellitus

This study showed that the predictors of DKA at initial 
diagnosis of T1DM in Malaysian children were age ≥5 years 
and misdiagnosis. The study by Hong et al. (9), did show 
that school-aged children comprised the largest proportion 
of children presenting in DKA. This study expands on these 
earlier findings by showing that age ≥5 years is indeed a 

Table 3. Demographics at presentation of children with DKA at diagnosis of T1DM according to DKA severity

Mild DKA (n=19) Moderate DKA (n=18) Severe DKA (n=45) p value

Age at diagnosis (years) 9.04 (4.01) 7.42 (3.72) 7.32 (4.20) 0.29

Gender (males) % 47.4 44.4 46.7 0.99

Ethnicity %

Malay 47.4 38.9 46.7 0.69

Chinese 26.3 44.4 26.7

Indian 26.3 16.7 26.7

BMI SDS¥ -1.37 (1.77) -1.19 (1.62) -0.81 (1.83) 0.61

Biochemical parameters, mean (±SD)

pH 7.26 (0.05) 7.16 (0.03) 6.95 (0.10) <0.001

Bicarbonate (mmol/l) 13.18 (4.22) 10.22 (2.97) 5.39 (1.93) <0.001

Glucose (mmol/l) 26.31 (7.63) 28.21 (9.25) 29.30 (8.78) 0.47

HbA1c, IFCC (mmol/mol) 129 (9.0) 111 (0) 113 (5.0) 0.10

PICU admission, n (%)¥ 2 (15.4) 3 (25.0) 32 (88.9) <0.001

Length of hospital stay, days, mean (±SD) 6.46 (3.37) 7.47 (2.23) 8.31 (2.65) 0.11

Data is presented as mean (±SD) for continuous variables (age, biochemical parameters, and length of hospital stay) and as a frequency and percentage for categorical 
variable. Comparisons between DKA severity groups used independent t-test for continuous variables and χ2 test between categorical variables. Significant findings appear 
in bold.
¥Data was analysed for n=61.
SDS: standard deviation (SD) score, DKA: diabetic ketoacidosis, BMI: body mass index, T1DM: type 1 diabetes mellitus, IFCC: International Federation of Clinical 
Chemistry and Laboratory Medicine, PICU: pediatric intensive care units

Figure 1. Percentage distribution of total and severe DKA cases at initial diagnosis of T1DM from 2010 to 2020 (n=127)

DKA: diabetic ketoacidosis, T1DM: type 1 diabetes mellitus
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predictor of DKA at initial diagnosis of T1DM. This finding is 
unexpected and contrary to other studies, which report that 
age <5 years is a risk factor for DKA, for the reasons that 
younger children present with less discernible symptoms 
and they lack the eloquence to explain their symptoms 
which may lead to diagnostic delays and errors (15,16). It 
is possible that our finding is influenced by the fact that a 
large proportion of our cohort (78.7%) were of school-going 
age, which is not dissimilar from the cohort in the study by 
Hong et al. (9). Nonetheless, both studies do demonstrate 
that the incidence of DKA in the <5-year-old age group was 
comparably higher than in older children, and so should still 
remain a cause for concern. 

Misdiagnosis was another predictor of pDKA, increasing the 
risk of presenting in DKA by 3.5-fold which is in line with 
prior studies which have reported that misdiagnosis is a risk 
factor for DKA (15,16). However, unlike age, misdiagnosis is 
a modifiable factor for pDKA, suggesting that future efforts 
should focus on improving the diagnostic accuracy of pDKA 
by doctors through continuing professional development 
and implementing the recent ISPAD 2022 DKA guideline, 
which recommends that all children who present with 
breathlessness or vomiting and abdominal pain without 
diarrhoea should have a finger prick glucose performed as 
these signs and syptoms may herald DKA (27). 

Trends

This study did not demonstrate any significant increasing 
nor decreasing trends in the annual incidence of DKA at 
diagnosis. However, it is important to note that the annual 
rates of DKA never fell below 20%. New Zealand and Austria 
have also reported that the incidence of pDKA has remained 
stable over a period of time (13,18) and the SEARCH study in 
the US, showed that the rates of pDKA with T1DM between 
2002-2010 were sustainedly high without any reprieve (28). 
Within the ASEAN region, Thailand has shown that the rates 
of pDKA have been reducing (29). 

The trends in the annual rates of severe DKA in this study 
were also not significant, but never fell below 30%. These 
findings are not unlike what was reported by a paediatrics 
DKA study from New Zealand which showed high rates of 
severe DKA that fluctuated between 10-40% over the 15-
year study period (18). On the other hand, a study from 
China reported that their rates of severe DKA had increased 
in the younger age groups (29). 

The proportion of children <5 years presenting in DKA at 
their initial diagnosis of T1DM did not demonstrate any 
significant trends but fluctuated between 0-46% over the 
11 years. There were some years where there were no DKA 
presentations in <5 year old children, for the reason that 

only children ≥5 years were diagnosed with T1DM in those 
years. This is contrary to epidemiological data from New 
Zealand, Italy and Finland which show that rates of DKA in 
children <5 year are increasing over time (12,18,23,30). 
This result may be explained by the fact that Malaysian 
children with T1DM presenting in DKA are predominantly 
represented by the ≥5 year age group. 

The wide variation in trends of pDKA between nations may 
be related to a multitude of factors, such as differences in the 
local prevalence of T1DM and public awareness of childhood 
T1DM, amongst others. A study conducted in New Zealand 
has demonstrated that in a group of 263 children the factors 
which contributed to an increased risk of DKA were reduced 
family awareness, prolonged delay in laboratory testing 
and a low level of health care professional suspicion for 
T1DM (31). Thus, preventing a DKA presentation at initial 
diagnosis of T1DM requires several key components which 
include: a) early recognition of symptoms by the parents 
and child; b) clinical suspicion of diabetes mellitus by the 
healthcare professional; and c) easy access to a medical 
professional with the appropriate point of care testing to 
diagnose diabetes mellitus. These three elements rely on 
public awareness of diabetes mellitus as well as healthcare 
professional knowledge about the clinical presentation and 
diagnosis of paediatric diabetes mellitus and the accessibility 
to basic tests to confirm the diagnosis. 

Malaysia is a low-middle income nation within the ASEAN 
region that has a well-supported public healthcare system 
and has undergone significant advances in infrastructure 
over the past several decades. In relation to childhood 
T1DM, several measures are already in place to facilitate 
a timely diagnosis. For instance, point of care testing is 
readily available for hospital-based healthcare professionals 
to diagnose hyperglycaemia, ketonaemia and acidosis 
in children suspected to have T1DM or DKA. Training of 
hospital doctors within the public sector on the updated 
versions of the National Clinical Practice Guidelines (CPG) 
on childhood T1DM take place with every iteration of 
the CPG. Educational sessions are also conducted by the 
National Paediatric Endocrine Society (Malaysian Paediatric 
Endocrine & Diabetes Group) for trainee paediatricians and 
family medicine doctors. Furthermore, the National Diabetes 
Institute of Malaysia and Diabetes Malaysia are instrumental 
in supporting people with diabetes and disseminating 
information about diabetes to the general public through 
their websites and magazines. The recently launched “Hello 
Type 1” by Action for Diabetes (A4D) for the Malaysian 
population is a website aimed at raising awareness about 
T1DM in the local language of Bahasa Melayu (32). Despite 
these efforts, rates of pDKA have remained high. However, 
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most of these measures have been in effect only over the 
last few years.

As such, future efforts should include research to understand 
the level of awareness of the general public and healthcare 
professionals about the clinical presentation of T1DM in 
children, in tandem with measures to raise public awareness 
about childhood diabetes and DKA, which has been shown 
to be beneficial in reducing rates of DKA in the UK, with the 
4 T’s campaign, and the Parma campaign in Italy (17,33).
Regular continuous medical education about paediatric 
diabetes mellitus and DKA for primary care and hospital 
professionals may also help to improve diagnostic accuracy. 

Study Limitations

A major limitation of this study is that it was retrospective, 
from a single centre and that it served an urban catchment 
area which is home to pockets of affluence and a highly 
educated population. This region is also home to a large 
concentration of paediatric endocrinologists and tertiary 
paediatric centres with dedicated PICUs which often receive 
referrals for severe DKA. These limitations may inflate the 
rates of severe DKA and PICU usage in this study. Future 
studies should include multiple centres from different 
regions of Malaysia, so that regional differences, risk factors 
and trends may be evaluated. 

Conclusion

In summary, this study demonstrated that the incidence of 
pDKA at initial diagnosis of T1DM in Malaysian children has 
remained high over the 11-year study period. Severe DKA 
rates comprise a significant burden of the cases and has not 
reduced over the 11 years. Age >5 years and misdiagnosis 
emerged as two predictors of pDKA, of which misdiagnosis 
is a modifiable risk factor. Measures to reduce DKA rates 
need to focus on raising public awareness and physician 
awareness about T1DM and DKA in children. Future 
research should gather data on relevant socioeconomic 
factors which could influence a DKA presentation. The data 
should also be from multiple centres or a national registry 
to determine the true national rate of pDKA and to compare 
regional differences. This data could assist in developing 
needs-based strategies to curb the rates of DKA throughout 
the nation by implementing cost-effective methods for 
resource allocation.
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Introduction

Sleep disorders are linked to disabilities, dangerous behavior, 
depression, morbidity and even mortality. According to 
research, children who sleep less are more prone to become 
overweight and obese later in life. Adolescents are at a 

significant risk of developing sleep disorders, and severe 

sleep deprivation is related with long-term consequences 

(1). The relationship between sleep disorders and adolescent 

obesity is not entirely understood. Trends in sleep problems 

parallel trends in obesity. Adolescent obesity may result 
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What is already known on this topic?
Previous studies have shown a relationship between obesity and sleep quality and sleep duration, but the issue of social jet lag (SJL), 
which represents shifts in circadian rhythm, and its effects on adolescents are still being investigated.

What this study adds?
This study shows a correlation between SJL and body mass index. Sleep history should be a part of the anamnesis in routine outpatient 
clinic examinations of overweight and obese adolescents which may aid the clinical management of the condition.

Abstract
Objective: The frequency of obesity and poor sleep quality among adolescents is increasing and causes many chronic problems. The 
objective was to investigate the correlation between body mass index (BMI), sleep quality, sleep duration and social jet lag (SJL) among 
adolescents.
Methods: This study was cross-sectional. A cohort of 416 adolescents, ranging in age from 12 to 18 years participated in the study. 
Adolescents were divided into three groups according to BMI standard deviation score (SDS): adolescents with normal weight, adolescents 
with overweight and adolescents with obesity. The Pittsburgh Sleep Quality Index (PSQI) questionnaire was used to determine the sleep 
quality of the adolescents. The calculation of SJL and sleep-corrected SJL was performed.
Results: The mean age of the adolescents was 15.0±2.9 years. There were 222 males (53.4%). SJL and PSQI scores were significantly 
higher in the adolescents with obesity compared to the adolescents with normal weight and overweight (p<0.001). An analysis of the 
relationship between the PSQI and BMI SDS revealed a significant positive correlation (r=0.667; p<0.001). 
Conclusion: Adolescents with obesity have poorer sleep quality and a longer duration of SJL compared to adolescents with normal-
weight. Moreover, increased SJL was linked to an increase in BMI. Maintaining good sleep quality and reducing SJL may help reduce the 
risk of obesity.
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in significant health issues. These conditions may include 
diabetes, hypertension, cardiovascular disease, respiratory 
illnesses, and musculoskeletal disorders (2). The intricate 
nature of the correlation between sleep duration and body 
weight is because both sleep and appetite are regulated by 
the daily circadian rhythm (3). Biologically, a lack of sleep 
alters the hormonal processes that control hunger, resulting 
in decreased levels of leptin and heightened levels of ghrelin. 
This inevitably leads to an increased consumption of food. 
Night-eating syndrome may arise due to sleep deprivation 
(4). During this condition, individuals display a tendency 
to consume food excessively and without inhibition upon 
awakening during the night. Overconsumption of calories 
can heighten the probability of getting obese. Insufficient 
sleep duration is significantly associated with adverse 
changes in body mass index (BMI) among infants, children, 
and adolescents, according to a meta-analysis (5). The 
quality of sleep is determined by the effectiveness and 
depth of an individual’s sleep during their period of rest. A 
range of methodologies is employed by researchers in order 
to assess the quality of sleep. The Pittsburgh Sleep Quality 
Index (PSQI) is a widely acknowledged and scientifically 
proven method for assessing the quality of sleep (6). Studies 
have shown a correlation between obesity and the quality 
of sleep. Social jet lag (SJL) is defined as the discrepancy 
between the sleep timing imposed by external/social 
obligations, such as work or school days, and free days. 
Sleep deprivation occurs by waking up early on weekdays 
and going to bed late at night, and attempts are made to 
compensate for this by waking up late and sleeping too 
much at the weekend. This causes a discrepancy between 
biological and social circadian rhythms. SJL refers to a 
persistent and detrimental pattern of sleep disruption 
and inconsistent sleep. This sleep pattern can result in 
metabolic, physiological, and psychological complications 
(7). Recent findings indicate a correlation between SJL and 
obesity, suggesting that children who undergo SJL are at 
a higher risk of developing obesity (8). Nevertheless, the 
correlation between poor sleeping habits and obesity among 
adolescents remains poorly comprehended. The aim of this 
research was to examine the correlation between BMI, sleep 
quality, SJL status, and sleep duration among adolescents.

Methods

Study Participants and Procedure

This study was cross-sectional. The study protocol was 
approved by the İstinye University Human Research Ethics 
Committee (meeting number: 2023-09; protocol number: 
23-238, date: 06.11.2023). The study included adolescents 

between the ages of 12 and 18 years who were admitted 
to a tertiary hospital without any diagnosis of psychiatric 
disorder, chronic disease or drug use and who agreed to 
participate in the study. Both written and verbal consent 
was obtained from the adolescents included in the study 
and their parents. The adolescents’ age, weight, height, and 
BMI at the time of admission were recorded and they were 
asked to fill out a PSQI questionnaire, and their sleep-wake 
times on school days and weekends were noted. 

Measures and Sleep Assesment

During the examinations of patients in the outpatient clinic, 
their height was measured using a Harpenden stadiometer 
(Holtain Ltd., Crymych, UK), and their weight was measured 
using a standard electronic scale (Beurer brand) that can 
detect changes of as little as 100 grams. BMI was calculated 
as weight (in kg) over the square of height (in meters) and 
converted to BMI standard deviation score (BMI SDS) using 
the Turkish national data. Adolescents were divided into 
three groups according to BMI: adolescents with normal 
weight; adolescent with overweight; and adolescent with 
obesity. The adolescents with obesity group was defined 
as BMI ≥95th percentile, the adolescents with overweight 
group was defined as BMI 94.9-85th percentile, and the 
adolescents with normal weight group was defined as BMI 
5-84.9th percentile (9). 

The PSQI questionnaire was used to determine the sleep 
quality in adolescents. The validity and reliability study for 
Turkish children was conducted by Ağargün et al. (10) PSQI 
is a 19-question survey with seven components (subjective 
sleep quality, sleep latency, sleep duration, habitual sleep 
efficiency, sleep disturbance, use of sleeping pills, daytime 
dysfunction). If the total PSQI score is five or less, it indicates 
good sleep quality. If it is more than five, it indicates poor 
sleep quality. Moreover, as the PSQI score increases, sleep 
quality worsens. In addition, to determine the average 
number of hours the adolescent sleeps the participant was 
asked exactly when he/she sleeps and at what time he/she 
wakes up in the morning, and then the duration of sleep was 
calculated. If the adolescent had a nap during the day, this 
was added. Both school days and free days were assessed 
using the same protocol. In order to calculate SJL and sleep-
corrected SJL (SJLsc), as previously described (11,12). SJL is 
found by the absolute value of the difference between the 
middle hour of sleep on free days (midsleep on free days) 
and the middle hours of sleep on school days (midsleep of 
school days). The midpoint of sleep is the time between 
night sleep start time and morning wake-up time. Half of 
the weekly mean sleep duration is added to both the sleep 
start time on free days and the sleep start time on school 
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days, and then the values found are subtracted from each 
other, and the absolute difference is the SJLsc.

Statistical Analysis

The variables were analyzed using Statistical Package for 
the Social Sciences, version 25.0 (IBM Corp., Armonk, 
New York, USA) and Medcalc 14 (Acacialaan 22, B-8400 
Ostend, Belgium) software. The assessment of whether 
the data followed a normal distribution was conducted 
using the Shapiro-Wilk-Francia test, while Levene’s test 
was used to determine the homogeneity of variance. 
We compared two groups using Monte Carlo simulation 
outcomes and quantitative variables. We also used Monte 
Carlo simulation results in conjunction with the Kruskal-
Wallis H test, a non-parametric test, to compare more than 
two groups of quantitative variables. Post-hoc analysis was 
subsequently conducted using Dunn’s test. We used the 
Monte Carlo simulation method to examine the Pearson’s 
chi-square test and the Fisher’s Freeman Halton test in 
order to compare categorical variables. The correlation 
between two quantitative variables was assessed using 
the Spearman rho test. The research investigated the 
sensitivity, specificity, positive predictive ratio (positive 
predictive, positive predictivity), and negative predictive 
ratio (negative predictive, negative predictivity) in relation 
to the SJL variables-calculated cut-off values that separated 
the classifications. Analysis of the receiver operating curve 
analysis was performed to quantify the PSQI outcome 
variable and the actual classification. Categorical variables 
are denoted as n (percent), whereas quantitative variables 
were represented as median (minimum-maximum). 
Variables were analyzed with a confidence level of 95% and 
a p<0.05 was deemed to indicate statistical significance.

Results

The study group included 416 adolescents with a mean 
age of 15.0±2.9 years, of whom 222 (53.4%) were males. 
Of the 416 adolescents, 130 (31%) were normal weight, 
151 (36%) were overweight and 135 (33%) were obese. 
Alarge part of (87%) both males and females rated their 
overall health as good or very good. Only 97 (23.3%) of 
all adolescents had good sleep quality. The average weekly 
sleep duration of all adolescents was 6.78±0.67 hours. The 
difference in total PSQI scores between the groups was 
significant (p<0.001). The adolescents with obesity had a 
significantly higher median PSQI total score compared to 
both the adolescents with normal weight and overweight 
(p<0.001). In addition, the adolescents with overweight 
group had a significantly higher median PSQI total score 
(p=0.001) than the adolescents with normal weight group. 

There was also a significant difference in SJL between the 
adolescents with obesity, and the owerweight and normal 
weight groups (p<0.001). The average duration of sleep 
per week was considerably shorter in the adolescents 
with obesity group in comparison to both the normal 
weight and overweight groups (p<0.001). A significant 
correlation (p<0.001) was observed between the groups 
and the daytime dysfunction score. Daytime dysfunction 
score I was prevalent at a rate of 61.5% in the adolescents 
with normal weight group, 8.6% in the adolescents with 
overweight group, and 1.5% in the adolescents with obesity 
group (p<0.001). Daytime dysfunction, as defined in entry 
7 of the PQSI, is a cluster of symptoms arising from poor 
sleep quality or other conditions, critical for daily activities 
and operational efficiency, especially high-precision 
tasks. and as the score increases, daytime dysfunction 
increases. Furthermore, the daytime dysfunction score 1 
was significantly more prevalent in the adolescents with 
overweight group compared to the adolescents with obesity 
group (p=0.007). In addition, a significant difference 
was found in the daytime dysfunction score 2 prevalence 
rates among the groups: the adolescents with overweight, 
with obesity and with normal weight (70.9% vs 53.3% vs 
23.8%, respectively; p<0.001) (Table 1). The prevalence 
of daytime dysfunction score 3 was significantly greater in 
the adolescents with obesity group (45.2%) compared to 
the overweight group (20.5%) (p<0.001) and the normal 
weight group (0.8%) (p<0.001). An examination of the 
connection between PSQI and BMI SDS revealed a moderate 
positive correlation (r=0.667; p<0.001) (Table 2). The 
groups did not show any significant differences when 
analyzed for gender distribution (p=0.472), habitual sleep 
efficiency score (p=0.127), and sleep medication use score 
(p=0.095). SJL and SJLsc of >1 hour was assessed in tems 
of poor sleep quality (PSQI score >5) with a sensitivity of 
74.6%, specificity of 88.7%, positive predictive value rate 
of 95.6%, and negative predictive value rate of 51.5%. The 
predictive power for optimal cut-off >1 hour was very good 
(p<0.001) (Table 3).

Discussion

The results of this cross-sectional study suggested that 
adolescents with obesity have poorer sleep quality, have a 
longer period of SJL, and have a shorter duration of sleep 
per week compared to adolescents with normal weight. 
In addition, there was a connection observed between 
SJL and a decrease in the quality of sleep. Furthermore, a 
moderate correlation was found between PSQI score and 
BMI. Optimizing sleep quality is an important objective for 
adolescents in general. The decline in sleep quality has been 
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Table 1. Characteristic features of adolescents and relationship between PSQI, sleep habits and the adolescents’ BMI
Total, n (%) (n=416) Normal weight (n=130) Overweight (n=151) Obese (n=135) p

Med (min/max) or n (%) Med (min/max) or n (%) Med (min/max) or n (%) Med (min/max) or n (%)

Age (decimal) 15.06 (12.28/17.97) 14.55 (12.28/17.82) 15.05 (12.38/17.82) 15.44 (12.38/17.97)A 0.006ᵏ
Gender (female) 194 (46.6) 61 (46.9) 65 (43) 68 (50.4) 0.472ᶜ
BMI 25.02 (16.49/32.6) - - - -

BMI SDS 1.18 (-1.16/2.57) - - - -

PSQI ≤5 (Good Sleep 
Quality)

97 (23.3) 96 (73.8) 1 (0.7)A - <0.001ᶜ

PSQI total score 7 (1/14) 4 (1/12) 7 (4/12)A 9 (5/14)A, B <0.001ᵏ
Subjective sleep 
quality score

      <0.001ᶠᶠ

  0 82 (19.7) 81 (62.3) 1 (0.7)B -  

  1 199 (47.8) 47 (36.2) 102 (67.5)A 50 (37)B  

  2 131 (31.5) 1 (0.8) 48 (31.8)A 82 (60.7)A, B  

  3 4 (1) 1 (0.8) - 3 (2.2)  

Sleep latency score       <0.001ᶠᶠ
  0 8 (1.9) 7 (5.4) - 1 (0.7)A  

  1 145 (34.9) 84 (64.6) 37 (24.5)A 24 (17.8)A  

  2 163 (39.2) 32 (24.6) 75 (49.7)A 56 (41.5)A  

  3 100 (24) 7 (5.4) 39 (25.8)A 54 (40)A, B  

Sleep duration score       <0.001ᶠᶠ
  0 115 (27.6) 93 (71.5) 15 (9.9)A 7 (5.2)A  

  1 259 (62.3) 37 (28.5) 123 (81.5)A 99 (73.3)A  

  2 42 (10.1) - 13 (8.6) 29 (21.5)B  

Habitual sleep 
efficiency score

      0.127ᶠᶠ

  0 407 (97.8) 130 (100) 145 (96) 132 (97.8)  

  1 8 (1.9) - 5 (3.3) 3 (2.2)  

  2 1 (0.2) - 1 (0.7) -  

Sleep disturbance 
score

      <0.001ᶠᶠ

  0 11 (2.6) 11 (8.5) - -  

  1 386 (92.8) 116 (89.2) 148 (98)A 122 (90.4)B  

  2 19 (4.6) 3 (2.3) 3 (2) 13 (9.6)A, B  

Sleep medication use 
score

      0.095ᶠᶠ

  0 408 (98.1) 130 (100) 147 (97.4) 131 (97)  

  1 6 (1.4) - 2 (1.3) 4 (3)  

  2 2 (0.5) - 2 (1.3) -  

Daytime dysfunction 
score

      <0.001ᶜ

  0 18 (4.3) 18 (13.8) - -  

  1 95 (22.8) 80 (61.5) 13 (8.6)A 2 (1.5)A, B  

  2 210 (50.5) 31 (23.8) 107 (70.9)A 72 (53.3)A, B  

  3 93 (22.4) 1 (0.8) 31 (20.5)A 61 (45.2)A, B  

Social jet lag 1.25 (0/4) 0.5 (0/2.25) 1.5 (0.5/3)A 2 (0.5/4)A, B <0.001ᵏ
Sleep corrected social 
jet lag

1 (0/4) 0.5 (0/2) 1.5 (0/3)A 1.5 (0/4)A <0.001ᵏ

Midpoint of sleep on 
school days

3:45 (2:00/4:45) 3:30 (2:00-4:30) 3:45 (2:00-4:45)A 4:00 (2:00-4:45)A, B <0.001ᵏ

Midpoint of sleep on 
free days

5:07 (3:00/7:30) 4:00 (3:00-6:00) 5:15 (3:00-7:00)A 5:30 (4:00-7:30)A, B <0.001ᵏ

Average weekly sleep 
duration

6.45 (4.3/8.45) 7.3 (6.15/8.45) 6.4 (5.25/8)A 6.3 (4.3/7.45)A, B <0.001ᵏ

ᵏ: Kruskal-Wallis H test (Monte Carlo); post-hoc: Dunn’s test, ᶜ: Pearson’s chi-square test (Monte Carlo); post-hoc: Benjamin-Hochberg test. 
ff: Fisher’s Freeman Halton test (Monte Carlo); post-hoc: Benjamin-Hochberg test. 
A: Indicates significance compared to the ‘normal weight’ group. B: Indicates significance compared to the ‘overweight’ group.
Med: median, Min: minimum, Max: maximum, BMI: body mass index, SDS: standard deviation score, PSQI: Pittsburgh Sleep Quality Index
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specifically linked to compromised social function, decreased 
immunity, obesity, and poor performance in school (13). 
According to the National Sleep Foundation Sleep in 
America Poll, 75% of 12th graders reported getting less than 
eight hours of sleep a night. However, research generally 
shows that it is important for young people to get at least 
8-9 hours of sleep a night (14). The optimal duration of sleep 
can vary between individuals and may be influenced by the 
age, and the physical and mental requirements of young 
individuals. A study examining the correlation between 
the amount of sleep and body fat levels in adolescents 
reported that decreased sleep duration was associated with 
increased body fat in adolescents. Furthermore, a direct 
correlation was found between decreased sleep duration 
and increased risk of obesity (15). We found that the 
adolescents who participated in our study had an average 
week night sleep duration of 6.63 hours which is below the 
recommended duration. Studies indicate that insufficient 
sleep time and poor sleep quality elevate the likelihood of 
developing obesity (16). In individuals with suboptimal sleep 
patterns, factors such as disturbances in hormonal control, 
heightened appetite, reduced energy expenditure, and 
an elevated propensity for weight gain may be operative. 
Insufficient sleep can heighten the inclination to consume 
larger quantities of food due to its impact on the appetite-
regulating hormones, leptin and ghrelin. Insufficient sleep 
can result in reduced metabolic function, insulin resistance, 
and alterations in body composition (17,18). Studies indicate 
a correlation between SJL and obesity (19). SJL refers to the 
difference between weekday and weekend sleep hours. In 
other words, it is the habit of waking up early and staying 

awake until late on weekdays, going to sleep later, and 
sleeping longer on weekends. This change in sleep patterns 
can disrupt sleep patterns and affect the body’s biological 
clock. Research has shown that individuals who experience 
more SJL generally have a higher BMI and are more prone 
to obesity (20). However, researchers have yet to determine 
the precise mechanism by which SJL affects obesity but it 
has been shown that SJL negatively affects sleep duration 
and sleep quality. Decreased sleep duration and quality can 
lead to disruption of hormonal balance, increased appetite, 
and an irregular metabolism (8). This increases the risk 
of obesity. Our investigation found a notable correlation 
between heightened SJL and elevated BMI, consistent with 
the existing literature. The quality of sleep can be influenced 
by different factors. Additional variables, including age, 
gender, lifestyle, and genetic predisposition can influence 
the quality of sleep (21). The association between BMI 
and PSQI score we found remained significant, even after 
controlling for age and gender variables. 

Study Limitations

The participants’ sleep-wake times were self-reported or 
reported by parents. If actigraphy could have been used, 
we would be able to obtain accurate results for sleep 
duration and SJL. In addition, food consumption records 
and physical activity scores were not included in this study. 
There is a bidirectional relationship between short sleep 
duration and obesity. We also found that even if the total 
weekly sleep duration was at normal values, adolescents’ 
exposure to more SJL increased BMI. We believe that this 
bidirectional relationship will be useful both in outpatient 

Table 3. ROC analysis according to PSQI

Reference PSQI >5 (Bed Sleep Quality) Cut-off Specificity Sensitivity -PV +PV AUC±SE p

All participants            

  Social jet lag >1 88.7 74.6 51.5 95.6 0.886±0.017 <0.001

  Sleep corrected social jet lag >1 96.9 51.7 37.9 98.2 0.837±0.021 <0.001

Male            

  Social jet lag >1 90.6 77.5 55.8 96.3 0.901±0.021 <0.001

  Sleep corrected social jet lag >1 54.7 95.9 80.6 87.1 0.851±0.029 <0.001

Female            

  Social jet lag >1 86.4 71.3 46.9 94.7 0.867±0.026 <0.001

  Sleep corrected social jet lag >1 97.7 50.7 36.8 98.7 0.821±0.031 <0.001

Normal weight            

  Social jet lag >1 88.5 35.3 79.4 52.2 0.627±0.060 0.034

  Sleep corrected social jet lag >1 49.0 64.7 79.7 31 0.580±0.058 0.170

Analysis Honley&Mc Nell-Youden index J.
ROC: receiver operating curve, AUC: area under the ROC curve, SE: standard error, +PV: positive predictive value, -PV: negative predictive value, PSQI: Pittsburgh Sleep 
Quality Index
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clinic administrations for the prevention of obesity and in 
sleep studies related to circadian rhythm.

Conclusion

This study demonstrated a relationship between inadequate 
sleep quality, increased exposure to SJL, and a higher BMI in 
adolescents. We predict that improving sleep quality during 
adolescence may have a protective effect in preventing 
obesity. We recommend that all adolescents, especially those 
with overweight and obesity, be questioned about their sleep 
habits during their routine outpatient clinic examinations and 
that their sleep history be a part of the anamnesis. However, 
additional study is required to develop suitable guidelines for 
sleep recommendations for adolescents.
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Abstract
Objective: Central precocious puberty (CPP) is treated with long-acting gonadotropin releasing hormone (GnRH) analogues (GnRHa). 
Some adult patients undergoing GnRHa treatment experienced prolonged QT syndrome, which is associated with an increased risk of 
serious cardiac events, such as myocardial infarction, stroke, arrhythmias, and sudden cardiac death.
Methods: Seventy-four patients, aged between 5 and 11 years and diagnosed with CPP but with no other concomitant disease or 
medication use, underwent electrocardiogram (ECG) assessment. They had been receiving 3.75 mg leuprolide acetate (Lucrin® Depot) 
injections every 28 days for at least three months. 
Results: The ECGs of all patients showed a corrected QT (QTc) interval within normal limits, consistent with the data for healthy Turkish 
children of the same age and gender. No other pathological physical examination or ECG findings were observed. Furthermore, there was 
no significant difference in QTc interval when adjusted for age, anthropometric data, or the duration or cumulative dose of the treatment.
Conclusion: The study found no correlation between QTc interval values and age, treatment duration, total cumulative dose, and 
anthropometric data. These findings suggest that cardiovascular adverse events associated with GnRHa treatment may be related to age 
and other underlying physiopathological conditions in adults rather than being directly due to the drug.
Keywords: Precocious puberty, leuprolide acetate, children, ECG, prolonged QT

What this study adds?
In this study, no prolonged QT or other pathological electrophysiological findings were found in young girls, aged 5-11 years, receiving 
leuprolide acetate treatment due to CPP. No correlation was found between corrected QT values and age, treatment duration, total 
cumulative dose, and anthropometric data in this cohort. These results suggested no adverse effect of leuprolide acetate on cardiovascular 
adverse events. 

What is already known on this topic?
Gonadotropin releasing hormone (GnRH) analogues are the only drugs used in the treatment of central precocious puberty (CPP) in 
children. Increased cardiovascular events and especially a serious disorder of prolonged QT in some adult patient groups while receiving 
GnRH analogue treatment have been reported in recent studies. Prolonged QT and arrhythmias are life-threatening conditions and 
can be detected by electrocardiogram (ECG), which is a cheap, non-invasive, and easily accessible test. However, more evidence-based 
information is needed to recommend ECG before and during GnRH analogue treatment in children. 
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Introduction 

Central precocious puberty (CPP) is the premature 
development of secondary sexual characteristics in girls 
before the age of 8 years and in boys before the age of 
9 years due to the early maturation of the hypothalamic-
pituitary-gonadal axis (1). The treatment of CPP involves the 
use of long-acting gonadotropin releasing hormone (GnRH) 
analogues (GnRHas), which paradoxically downregulate and 
subsequently suppress the HPG axis. These drugs have been 
used for many years (2). The aim of treatment for CPP is 
to preserve height potential, prevent early menarche, and 
address psychosocial issues. GnRH agonists are commonly 
used in the treatment of conditions such as prostate and 
breast cancer, endometriosis, and uterine fibroids in adults. 
It has been reported that adult patients undergoing GnRHa 
treatment may develop prolonged QT syndrome, which is 
linked to a higher risk of serious cardiac events, including 
myocardial infarction, stroke, arrhythmias, and sudden 
cardiac death. The elevated incidence of cardiovascular events 
in adult male patients undergoing androgen deprivation 
therapy for prostate cancer has been mainly attributed to 
the androgen deprivation. However, GnRH agonists have 
been found to be more strongly linked to cardiovascular 
events than other agents, such as GnRH antagonists, used 
for androgen deprivation. It has been suggested that GnRH 
agonists have a more significant impact on cardiovascular 
events beyond androgen deficiency (3,4,5,6). 

The drug’s prospectus reports these complications, but 
there is no evidence in the literature regarding their effects 
on women and children. Thus, the aim of this study was 
to investigate the effect of leuprolide acetate treatment 
on electrocardiogram (ECG) findings in children with CPP. 
Investigating the effects of this treatment on cardiac rhythm 
and corrected QT (QTc) interval is important to assess the 
safety of this drug in the pediatric population.

Methods

Girls aged between 5 and 11 years and diagnosed with CPP, 
were included in this prospective cross-sectional study. 
The study received approval from Ümraniye Training and 
Research Hospital Local Ethics Committee (approval number: 
B.10.1.TKH.4.34.H.GP.0.01/160, date: 15.05.2023). The 
authors have complied with the World Medical Association 
Declaration of Helsinki regarding ethical conduct of research 
involving human subjects and/or animals.

The decision for treatment was typically made on an 
individual basis, considering the patient’s age at puberty 
onset, rate of progression of puberty, accelerated growth and 

bone age, hormone levels, ultrasonographic measurements, 
and the expectation of early menarche. The study included 
patients who had been receiving 3.75 mg leuprorelin 
acetate (Lucrin® Depot) injections every 28 days for at least 
three months. The birth weight, week of gestation at birth, 
nutritional status, and history of any previous or ongoing 
disease medication use were recorded. The study included 
patients who only used leuprolide acetate as GnRHa 
therapy and were still under treatment during the study 
period. Among these patients, patients who had any health 
problems other than early puberty, who used any other 
medications within the last three months (therapy for allergic 
diseases, attention disorders, epilepsy, psychopathologies, 
inflammatory diseases), and who did not agree to have 
an ECG at the baseline study visit were excluded. A repeat 
ECG was requested if it was not of sufficient quality due to 
artifacts, but those who did not have a repeat ECG were also 
excluded from the study. 

All patients underwent a thorough physical examination, 
with particular attention paid to the cardiovascular system, 
and an ECG test at their first visit after being enrolled in 
the study. During this visit, the following parameters 
were recorded: age, duration of treatment (in months), 
cumulative dose of leuprolide acetate (calculated as total mg/
kg), height, weight, and body mass index. Anthropometric 
data were recorded as standard deviation (SD) scores which 
were calculated using an online application (Child Metrics®) 
which uses reference data for Turkish children (7,8). The 
ECG results were evaluated by a pediatric cardiologist. The 
cardiac rhythm, heart rate, and QTc interval, calculated 
using the Bazett formula, were recorded (9). The primary 
focus of ECG analysis was the QTc interval, which is key 
for assessing the cardiac repolarization phase and potential 
arrhythmia risk (10). Correlation analyses were used to 
investigate potential relationships between the variables 
and ECG measurements. The QTc intervals of the patients 
were compared to the reference values of age- and gender-
matched healthy Turkish children. The reference value for 
5-8 year-old girls is 422 (382-465) milliseconds (ms) and for 
8-12 year-old girls is 422 (377-486) ms (11).

Statistical Analysis 

Statistical analysis was conducted using IBM Statistical 
Package for the Social Sciences, version 22 (IBM Inc., 
Armonk, NY, USA). The normality of the data was evaluated 
using the Shapiro-Wilk test. The results are presented 
as mean±SD since the data was normally distributed. 
The independent-samples t-test was used to compare the 
independent groups. The Wilcoxon signed test was used 
to compare related samples. For correlation analyses, the 
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Pearson test was used for normally distributed variables. 
The level of significance for all analyses was set at p<0.05.

Results

The study analyzed a cohort of 74 female patients, aged 
between 5 and 11 years, who were receiving leuprolide 
acetate. The mean age at the start of treatment was 
7.58±0.91, ranging 5.2-9.5 years, and the mean age at 
which an ECG was performed was 8.95±1.17 years, ranging 
5.5-11.0 years. The mean total duration of treatment before 
the ECG was 17.6±10.5 months, with a minimum of 3 
months and a maximum of 66 months, and the cumulative 
dose received was 58.4±31.3 mg/m2, ranging 10.04-186.7 
mg/m2.

The cardiology assessment showed no symptoms or 
pathological physical examination findings. Two patients 
had nonspecific ST-T changes. Among the 72 patients with 
normal ECG findings, 37 had respiratory sinus arrhythmia 
and two had only one atrial escape beat. The QTc interval 
was within normal limits in all ECGs. The mean QTc was 
390±10 ms, ranging from 360-430 ms, which is within 
normal limits and was not longer than the reference value 
for healthy Turkish children according to age and gender. 
Non-parametric tests revealed no difference between QT 
intervals before treatment and at the end of sixth month of 
the treatment in seven patients who were newly diagnosed 
during the study (p=0.753). There was no significant 

difference between patients who received leuprolide acetate 
treatment for 18 months or more and those who received 
it for a shorter period. In addition, there was no significant 
difference between patients who received a leuprolide 
acetate cumulative dose of 2 mg/kg or more and those 
who received less (Table 1). Our analysis did not reveal any 
correlation between the QTc values and the patients’ age, 
duration of treatment, cumulative dose, or anthropometric 
data, as shown in Table 2.

Discussion 

This study evaluated ECG findings in young girls, aged 
5-11 years, who were receiving leuprolide acetate 
treatment for CPP. No prolonged QT or other pathological 
electrophysiological findings were observed in any of the 
74 patients. The absence of correlation between QTc values 
and age, treatment duration, total cumulative dose, and 
anthropometric data in our patients suggests that the adverse 
cardiovascular events previously reported in adults may be 
due to different underlying pathological mechanisms rather 
than any direct effect of the drug.

Recent reports have highlighted an increased risk of 
cardiovascular events, including prolonged QT syndrome, in 
some adult patients receiving GnRHa treatment. This has 
raised concerns about the safety of GnRHas, which are the 
only treatment agents used for CPP in children. Prolonged 
QT and arrhythmias may be detected by ECG, a cheap, 

Table 1. The comparison of QTc intervals of patients on leuprolide acetate between short- and long-term users, and between 
higher- and lower-dose users

Duration of treatment

≥18 months (n=37) <18 months (n=37) p

QTc interval (ms) 393±18 395±21 0.716

Cumulative dose of the GnRHa

≥2 mg/kg (n=35) <2 mg/kg (n=39) p

QTc interval (ms) 391±18 397±21 0.200

QTc: corrected QT, GnRHa: gonadotropin releasing hormone analogues

Table 2. Correlations of treatment parameters and anthropometric measurements with corrected QT interval

QTc interval

r p

Age -0.064 0.602

Duration of treatment (months) -0.090 0.463

Cumulative dose (mg/kg) -0.068 0.577

Cumulative dose (mg/m2) -0.080 0.515

Weight SDS -0.050 0.684

Height SDS 0.001 0.997

BMI SDS -0.057 0.641

QTc: corrected QT, BMI: body mass index, SDS: standard deviation score
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non-invasive, and easily accessible test. However, more 
information should be provided before recommending 
ECGs before and during GnRHa treatment in children. 

Acquired prolonged QT syndrome can be caused by 
several major classes of drugs, with new ones continuing 
to be identified. A study from the United States reported 
antiarrhythmic drugs were responsible for 77% of cases 
(12). Other medications associated with prolonged QT 
include psychotropic drugs, gastrointestinal medications, 
antimicrobials, and tyrosine kinase inhibitors. Antimicrobial 
medications that prolong QT include macrolide antibiotics, 
fluoroquinolone antibiotics, and antifungal drugs (13). It has 
been reported that erythromycin led to a two-fold increase 
in risk of sudden cardiac death compared to nonusers 
(14). Painkillers (non-steroidal anti-inflammatory drugs, 
opioids, anticonvulsants, antidepressants, cannabinoids, 
and muscle relaxants), proton pump inhibitors, antiemetics, 
and diuretics are also reported to be causes of prolonged 
QT (15,16). 

Antiarrhythmic drugs are used for cardiological indications 
and are followed by repeated ECGs under the supervision 
of a cardiologist. However, antimicrobial treatments, 
painkillers, and proton pump inhibitors are used without 
such precautions. Furthermore, there is no recommendation 
for cardiological evaluation before starting or during follow-
up for GnRHas.

Waldner et al. (17) recently reported a study of 33 gender-
diverse young people who were initiated on leuprolide 
acetate. The mean age of the cohort was 13.7±2.1 years, 
and the mean post-leuprolide acetate QTc was 415±27 ms 
(range 372-455). Only 24.2% of the patients had a borderline 
QTc (440-460 ms), and none had a prolonged QTc despite 
concomitant medications in twenty-two (66.7%). 

The Pediatric Endocrine Society has issued guidelines 
regarding the potential risk of GnRHas. It is recommended 
to perform a screening ECG for patients who are on a 
medication known to cause QTc prolongation, have a 
personal history of congenital heart disease, arrhythmia, 
or long QT syndrome, have a family history of long QT 
syndrome or sudden cardiac death, and for those who 
experience symptoms of long QT syndrome, including 
syncope. It is recommended to perform a repeat ECG when 
the GnRHa dose has reached steady state in these groups. 
Patients should also be counseled about symptoms of 
arrhythmia, including palpitations and syncope. The authors 
conclude that further studies are necessary to investigate 
the risk of prolonged QT with GnRHa therapy in children 
and young adults (18).

Study Limitations

This was a single center study conducted in a limited 
number of patients. This was because of the exclusion of 
patients having any additional disease in addition to CCP or 
were on medications in addition to leuprolide acetate. The 
main limitation was the small number of patients who were 
newly diagnosed and underwent ECG before the treatment 
was started. 

Conclusion

The results of this study showed no prolonged QT or any 
other ECG abnormality with short- or long-term exposure 
to GnRHa treatment, leuprolide acetate, in young girls with 
CPP. 
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What this study adds?
By using a targeted OI next-generation sequencing (NGS) panel (COL1A1, COL1A2, IFITM5, SERPINF1, CRTAP, P3H1, PPIB, SERPINH1, 
FKBP10, SP7, BMP1, MBTPS2, PLOD2), the detection rate of disease causing variants was as high as 82.1% (COL1A1, COL1A2, P3H1, 
SERPINF1, FKBP10) in pediatric patients. We believe that targeted NGS was a valuable method for genetic diagnosis in pediatric patients 
with OI.

Abstract
Objective: Osteogenesis imperfecta (OI) consists of a group of phenotypically and genetically heterogeneous connective tissue disorders 
that share similar skeletal anomalies causing bone fragility and deformation. The aim was to investigate the molecular genetic etiology 
and determine the relationship between genotype and phenotype in OI patients using targeted next-generation sequencing (NGS).
Methods: A targeted NGS analysis panel (Illumina TruSight One) containing genes involved in collagen/bone synthesis was performed 
on the Illumina Nextseq550 platform in patients with a confirmed diagnosis of OI. 
Results: Fifty-six patients (female/male: 25/31) from 46 different families were included. Consanguinity was noted in 15 (32.6%) 
families. Based on Sillence classification 18 (33.1%) were type 1 OI, 1 (1.7%) type 2, 26 (46.4%) type 3 and 11 (19.6%) type 4. Median 
body weight was -1.1 (-6.8, - 2.5) standard deviation scores (SDS), and height was -2.3 (-7.6, - 1.2) SDS. Bone deformity affected 30 
(53.5%), while 31 (55.4%) were evaluated as mobile. Thirty-six (60.7%) had blue sclera, 13 (23.2%) had scoliosis, 12 (21.4%) had 
dentinogenesis imperfecta (DI), and 2 (3.6%) had hearing loss. Disease-causing variants in COL1A1 and COL1A2 were found in 24 
(52.1%) and 6 (13%) families, respectively. In 8 (17.3%) of the remaining 16 (34.7%) families, the NGS panel revealed disease-causing 

What is already known on this topic?
Variants in COL1A1 and COL1A2 genes, encoding type 1 collagen, are responsible for most of the etiology in osteogenesis imperfecta 
(OI). Molecular diagnosis is useful for early diagnosis, estimating the prognosis, determination of other individuals in the family and 
choice of treatment according to knowledge of variable responses to drugs.
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Introduction

Osteogenesis imperfecta (OI) is a hereditary disease 
of connective tissue characterized by increased bone 
fragility and multiple fractures (1,2,3). OI is a rare disorder 
with a frequency of 1/15,000-20,000. This generalized 
connective tissue disorder has an important effect on bone 
structure, leading to skeletal fragility and developmental 
delay. Clinical severity varies between the types of OI and 
additional features such as dentinogenesis imperfecta 
(DI), blue sclerae, short stature, hearing loss, and cardiac 
malformations may be present (4). Variants in the collagen 
genes are responsible for approximately 85-90% of OI. 
Patients with OI have heterogeneous clinical and genetic 
features (5). Thus, clinical diagnosis is insufficient for optimal 
diagnosis, management, prognosis, and genetic counseling. 
In recent years, new OI types have been discovered with 
the development of improved genetic analysis techniques. 
The disorder can also be caused by variants of genes related 
to collagen structure and function (6,7). The most recently 
identified genes today are characterized by primary defects 
in osteoblast differentiation (2,3,6,8).

Advances in next-generation sequencing (NGS) technology 
have enabled the discovery of novel genes and pathogenic 
variants related to OI (2,9,10). Molecular diagnosis is useful 
for early diagnosis, prognosis, identifying other individuals 
in the family with the same variants, and deciding on optimal 
treatment based on the published evidence (2,9,10,11).

In this study, the aim was to investigate the molecular genetic 
etiology of OI using a targeted NGS panel and to determine 
the genotype-phenotype relationship in OI patients, and the 
effectiveness of this genetic panel for diagnosis.

Methods

Study Group

A cohort of clinically and/or radiologically diagnosed OI 
patients followed in Ege University Faculty of Medicine 
Pediatric Endocrinology and Diabetes Department were 
included in the study. Inclusion criteria were patients 
between 0-18 years of age with unknown molecular genetic 
etiology. Patients having any genetic disease other than OI 

that could cause bone fragility and other chronic diseases 
or patients with fragile bone syndrome due to medication, 
such as steroids or chemotherapy, were excluded.

Demographic data (age, gender, consanguinity, family 
history), clinical features (OI subgroup, frequency of 
annual bone fractures, treatment procedure and response), 
physical examination findings (bone deformities), and bone 
radiography findings were obtained from hospital records. 
Patients’ weight and height and their standard deviation (SD) 
scores (SDS) were calculated based on Turkish standards 
(12,13).

The study was approved by the Ethics Committee of Ege 
University Faculty of Medicine (ethic committee number: 
18-3.1/55, date: 20.03.2018), and samples from the patients 
were obtained in accordance with the Helsinki Declarations. 
Written informed consent for molecular analysis was 
obtained from all cases or their parents/guardians.

Molecular Analysis

Genomic DNA samples were extracted from leukocytes from 
1 mL of peripheral blood obtained from all patients using the 
QIAamp DNA Blood Mini Kit (QIAGEN, Hilden, Germany) 
in accordance with the manufacturer’s instructions. DNA 
quality and quantity were assessed using a NanoDrop 2000 
spectrophotometer (Thermo Scientific, Wilmington, DE, 
USA). For sequence analysis, a targeted NGS panel (TruSight 
One Panel by Illumina®) including 13 genes (COL1A1, 
COL1A2, IFITM5, SERPINF1, CRTAP, P3H1, PPIB, SERPINH1, 
FKBP10, SP7, BMP1, MBTPS2, PLOD2) associated with OI 
was used. 

Data Analysis

Sequencing data was analyzed using Illumina VariantStudio 
software and IGV (Integrative Genomics Viewer). Firstly, 
13 genes known to be responsible for OI were analyzed. 
Variants in these genes with a frequency of less than 0.5% 
in public databases including NCBI dbSNP build155 (http://
www.ncbi.nlm.nih. gov/SNP/), 1000 Genomes Project 
(http://www.1000genomes.org/), gnomAD (https://gnomad.
broadinstitute.org/) and NHLBI Exome Sequencing Project 
Exome Variant Server (http://evs.gs.washington.edu/EVS/) 
were selected. The impact of the variants on the protein 

variants in three different genes (FKBP10, SERPINF1, and P3H1). Nine (23.6%) of the variants detected by NGS panel had not previously 
been reported and were also classified as pathogenic based on American College of Medical Genetics guidelines pathogenity scores. In 
ten (21.7%) families, a disease-related variant was not found in any of the 13 OI genes on the panel. 
Conclusion: Genetic etiology was found in 38 (82.6%) of 46 families by targeted NGS analysis. Furthermore, nine new variants were 
identified in known OI genes which were classified as pathogenic by standard guidelines. 
Keywords: Osteogenesis imperfecta, next-generation sequencing, COL1A1, genetics
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structure was identified using several in silico prediction 
tools, such as MutationTaster, PolyPhen-2, and SIFT. The 
conservation of residues across species was evaluated 
by the PhyloP algorithm and GERP (14,15,16,17). The 
pathogenicity of all variants identified was classified 
according to the American College of Medical Genetics 
(ACMG) recommendations. The pathogenity scores were 
obtained from the https://www.acmg.net/ website. The 
ACMG Guidelines were established by clinicians and 
clinical lab directors who are experts in clinical genetics 
and members of the ACMG, the Association for Molecular 
Pathology (AMP), and/or the College of American 
Pathologists. Franklin Genoox software and database was 
used for ACMG Classification. There are 28 criteria in the 
ACMG guidelines. During variant interpretation, variants are 
classified into five tiers: pathogenic (P), likely pathogenic 
(LP), uncertain significance (VUS), likely benign, and benign 
(B), depending on the applicable criteria. These criteria can 
be classified by the weight and type of evidence indicated 
by each criterion. The 28 criteria can be classified into eight 
types: population data, computational data, functional data, 
segregation data, de novo data, allelic data, other databases, 
and other data, depending on the source of evidence (18). 

Confirmation 

The most likely disease-causing variants, identified by data 
analysis, were confirmed using direct Sanger sequencing on 
ABI PRISM 3130 DNA analyzer (Applied Biosystems) and Big 
Dye Terminator Cycle Sequencing V3.1 Ready Reaction Kit 
(Life Technologies) (Fisher Scientific - Göteborg - Sweden).

Statistical Analysis

Analysis was conducted using Statistical Package for the 
Social Sciences for Windows, version 25.0 (IBM Inc., Armonk, 
NY, USA). Descriptive statistics are reported as mean±SD 
for normally distributed variables and median (range) for 
skewed data. Groups were compared using independent 
samples  t-test for normally distributed variables and the 
Mann-Whitney U test for skewed data. Trends across time 
were analyzed using linear polynomial contrasts (ANOVA). 
A p<0.05 was considered statistically significant. No 
adjustment was made for a multiplicity of statistical tests.

Results

Clinical Manifestations

Fifty-six patients (female/male: 25/31) from 46 different 
families were included in the study. In 15 (32.6%) families, 
consanguineous marriage was noted. The mean age of the 
cohort on admission was 4.5±3.7 years, median body 
weight was -1.1 (-6.8, - 2.5) SDS, and height was -2.3 (-7.6, 
- 1.2) SDS.  Based on the actualized Sillence classification 
(Table 1), 18 (33.1%) patients were considered to be type 
1, 1 (1.7%) type 2, 26 (46.4%) type 3, and 11 (19.6%) 
type 4 (19). Bone deformity was detected in 30 (53.5%) of 
the patients, while 31 (55.4%) were evaluated as mobile. 
Thirty-six (60.7%) patients had blue sclera, 13 (23.2%) had 
scoliosis, 12 (21.4%) had DI, and 2 (3.6%) had hearing loss. 

Molecular Analysis Findings

Sequence analysis of the COL1A1 and COL1A2 genes revealed 
heterozygous variants in 24 (52.1%) and 6 (13%) families, 
respectively. The (NM_000088.4(COL1A1):c.3677A>G/p.
(Asp1226Gly)/rs1319157667) variant was detected together 
with the c.2296G>C variant in COL1A2 in one patient. The 
variant detected in the COL1A1 gene was also found in the 
asymptomatic father of the patient in segregation analysis. 
Based on this family history, she was excluded from the 
COL1A1 group. The remaining 16 families were molecularly 
analyzed using the NGS panel, and in 8 (17.3%) families, 
a disease-causing variant in three different genes (FKBP10, 
P3H1, and SERPINF) was identified. Nine (23.6%) of the 
detected variants in all genes have not been previously 
reported and were considered to be deleterious based on 
prediction tools. Following a two-step NGS-based molecular 
analysis, a molecular diagnosis was achieved in 38 (82.6%) 
families in the study group. 

Genotype-phenotype Relations

Fifteen of the COL1A1 variants were boys, and 14 were 
girls. The mean age at admission was 4.69±3.66 years, and 
weight and height SDS were -0.73±1.39 and - 2.41±4.45, 
respectively. The distribution of clinical diagnosis was as 
follows: 13 (44.8%) type 1; 1 (3.4%) type 2; 10 (34.4%) type 
3; and 5 (17.2%) type 4. Recurrent pathological fractures 

Table 1. The actualized Sillence classification (20)

OI type

1 Mild form. Patients have no bone deformities, normal or near normal stature.

2 Extremely severe form is perinatal lethal.

3 Most severe form in children surviving the neonatal time, severely deforming, extreme short stature.

4 Intermediate form between type 1 and type 3: mild to moderate bone deformities and variable short 
stature.

OI: osteogenesis imperfecta
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were detected in 25 (86.2%) of the patients, and deformity 
of extremities in 7 (24.1%) patients. Six (20.6%) patients 
were mobile with help or had the ability to sit. The rest of 
the patients were completely mobile. Twenty-five patients 
(86.2%) had blue sclera, and 8 (27.5%) had DI.

The mean age of admission of those with variants in the 
COL1A2 gene (n=6, 4 girls) was 5.17±3.45 years, weight 
SDS was -2.86±2.33, and height SDS was -3.07±1.01. 
The distribution of clinical types was four (66.6%) type 3 
and 2 (33.3%) type 4. In all patients, 2 or more recurrent 
pathological bone fractures and deformities were detected. 
In 5 (50%) patients, blue sclera and DI was found in one 
(16.6%) patient.

Biallelic variants in the SERPINF1 gene were detected in four 
patients (patients 36, 37, 38, and 39) from three families. 
In one case, compound heterozygous variant c.80dupA/
c.907C>T was present, and this patient’s OI phenotype was 
compatible with type 3 with severe deformities, recurrent 
fractures, and short stature. However, family segregation 
was not performed in this patient.

A homozygous novel c.446T>G p.(Leu149Arg) variant was 
detected in the P3H1 gene in a 0.2-year-old patient with a 
history of consanguineous marriage. The patient’s weight 
SDS was -0.36, and height SDS was -2.12.

A homozygous c. 15dupC variant was identified in the 
FKBP10 gene in a male patient with Bruck syndrome and 
clinically type 4 OI. Her parents were heterozygous for the 
same variant. The same variant was demonstrated in the 
sibling of the index case with a similar phenotype. These 
cases had severe OI and congenital contractures of large 
joints, short stature, and scoliosis.

Genotype and phenotype characteristics of patients with OI-
related variants are given in Tables 2 and 3.

Discussion

The present study investigated the molecular etiology of 56 
clinically diagnosed OI patients from 46 different families 
using an NGS panel, including a total of 4800 genes, 
including 13 genes related to OI. Genetic etiology was found 
in 38 (82.6%) of 46 families by targeted NGS analysis with 
this TruSight One Panel. Such targeted gene panels are 
extremely reliable and validated and can be used in a wide 
range of indications for genetic diseases. Panels containing 
the genes of most diseases inherited as Mendelian in 
humans, such as the Illumina TruSight One Panel, are also 
referred to as “clinical exomes”. This expression should not 
be confused with whole exome sequencing (WES) because 

approximately 20,000 genes detected in mankind are 
analyzed by WES analysis, while the clinical exome only 
contains genes associated with disease in humans. The 
advantage of the TruSight One panel compared to WES is 
that it is easier to analyze the results, and the cost is lower 
(20). 

It is generally accepted that in-frame, partial deletions in 
the COL1A1 or COL1A2 genes can result in a lethal or severe 
OI phenotype when the resulting abnormal protein is not 
rapidly degraded but instead is incorporated in the  triple 
helix  exerting a dominant negative effect. In a study by 
(21), multiplex ligation-dependent probe amplification 
analysis was performed in the analysis of the COL1A1 gene 
in a group of 106 index patients. These authors found seven 
patients with deletion of the complete  COL1A1  gene on 
one allele. In the present study, we did not evaluate the 
gross deletions and duplications in exons because this was 
outside the scope of the analysis methods. Although these 
types of variants are generally identified at low rates, they 
may be more relevant for the subgroup without any variants, 
in terms of disease severity through haploinsufficiency of 
COL1A1 and COL1A2 genes. 

Consanguineous marriage was present in 28.5% of patients, 
and 39.3% had a family history of OI. Consanguineous 
marriage may lead to a high rate of autosomal recessive 
variants being found. In a study in India with seven 
patients of consanguineous marriage, SERPINF1, PPIB, and 
CRTAB mutations were detected (22). In a study evaluating 
COL1A1 and COL1A2 gene variants in 364 patients of Italian 
origin, the rate of positive family history rate was 57.7% 
(23). However, this increased rate of more than half may 
have been present because, with the exception of the two 
autosomal dominant gene variants in COL1A1 and COL1A2, 
other types of OI were not studied. Family history rates were 
reported to be 53% in the Korean population (24), and 32-
33% in different societies (25,26,27). The reason for these 
differences may be due to genetic differences in societies, 
variations in the genetic analysis methods used, and the 
changing frequency of de novo variants. Furthermore, the 
frequency of consanguineous marriage and/or founder 
variants in a society will lead to variability in the distribution 
of genes responsible for OI. 

The clinical finding of blue sclera is one of the distinctive 
clinical features of OI and is frequently observed in patients 
with type 1 OI. Patients with type 3 and 4 OI may have 
blue sclera at birth, but the bluish color disappears with 
increasing age (2,8,28). In our study group, 34 (60.7%) of 
the patients had blue sclera.
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Table 2. Genotype and phenotype characteristics of patients with variants related to osteogenesis imperfecta
Gene Variant

c.DNA (protein)
Consanguineous 
marriage in 
parents

Clinical 
type

Currently 
mobilization
status

Number 
of 
fractures/
years

Bone 
deformity

BS HL DI Patient 
number/
gender

Diagnosis 
age (yrs)

COL1A1 c.120C>A
(p.Cys40*)

No Type 3 Mobile 3 Yes, lower 
extremity

+ - - 1/F 8.3

COL1A1 c.1283delG
(p.Gly428Valfs*113)

No Type 1 Mobile 3 No + - - 2/F 1.8

Type 1 Mobile No No + - - 3/F 1.2

Type 1 Mobile 3 No + - - 4/M 6.7

COL1A1 c.1699C>T
(p.Pro567Ser)

No Type 4 Mobile 3 Yes, lower 
extremity

+ - + 5/M 2.4

Type 4 Mobile No No + - + 6/M 6.1

COL1A1

COL1A2

c.3677A>G
(p.Asp1226Gly)/
c.2296G>C 
(p.Gly766Arg)

Yes Type 4 Mobile 2 Yes, lower 
extremity

+ - - 7/F 2.5 months

COL1A1 c.626G>A
(p.Gly209Asp)

Unknown Type 3 Assisted 
walking

3 Yes, very 
severe

+ - - 8/M 8.5 months

COL1A1 c.1057-2A>C Yes Type 3 Mobile 6 No + - - 9/M 3.7

COL1A1 c.1081C>T
(p.Arg361*)

No Type 1 Mobile 3 No + - - 10/F 3.6

COL1A1 c.1299+1G>A No Type 1 Mobile 3 No + - - 11/M 12.8

COL1A1 c.1299+1G>T No Type 1 Mobile 4 Yes, lower 
extremity

+ - - 12/M 7.9

COL1A1 c.1353+2T>C No Type 3 Assisted 
walking

2 Yes, lower 
extremity

+ - - 13/F 1.5 months

COL1A1 c.1405C>T
(p.Arg469*)

No Type 1 Mobile 2 No + - + 14/F 3.4

COL1A1 c.2596G>A
(p.Gly866Ser)

No Type 2 Sitting 1 No + - - 15/F 1.5 months

COL1A1 c.3235G>A
(p.Gly1079Ser)

No Type 3 Mobile 3 No + - - 16/M 7.8

Type 3 Mobile 3 No + - - 17/M 10 months

COL1A1 c.3505G>A
(p.Gly1169Ser)

No Type 3 Assisted 
walking

3 Yes, lower 
extremity

+ - - 18/F 10.6

COL1A1 c.1128delT
(p.Gly377Alafs*164)

No Type 1 Mobile 2 No + - - 19/F 3.0

Type 1 Mobile 3 No + - - 20/M 2.9

COL1A1 c.1459_1460insA
(p.Arg487Glnfs*6)

No Type 1 Mobile 2 No + - + 21/F 8.5 months

COL1A1 c.958G>C
(p.Gly320Arg)

No Type 4 Mobile 3 No - - - 22/M 9.5

COL1A1 c.4051C>T
(p.Gln1351*)

No Type 3 Mobile 4 No - - - 23/M 10.2

COL1A1 c.441delC
(p.Gly148Aspfs*117)

No Type 1 Mobile 3 No + - + 24/M 7.1

COL1A1 c.886G>T
(p.Gly296*)

No Type 4 Mobile 2 No + - - 25/F 3.9

COL1A1 c.1156-1G>A Yes Type 1 Mobile 1 No + - - 26/F 4.6

COL1A1 c.3647A>G
(p.Tyr1216Cys)

No Type 4 Mobile 2 No - - - 27/F 2.7

COL1A1 c.608G>T
(p.Gly203Val)

No Type 3 Sitting 5 Yes, lower 
extremity

+ - + 28/M 1.7

COL1A1 c.1405C>T
(p.Arg469*)

No Type 1 Mobile 5 No + - + 29/M 9.7

COL1A1 c.2829+2dupT No Type 3 Mobile 2 No + - - 30/F 1.1

COL1A2 c.1972G>A
(p.Gly658Ser)

No Type 3 Assisted 
walking

4 Yes, lower 
extremity

- - - 31/F 10.3

COL1A2 c.3250G>T
(p.Gly1084Cys)

No Type 4 Assisted 
walking

2 Yes, lower 
extremity

+ - - 32/M 10 months
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COL1A2 c.928G>C
(p.Gly310Arg)

Yes Type 3 Assisted 
sitting

3 Yes, lower 
and upper 
extremity

+ - + 33/M 3.5 months

COL1A2 c.1081G>A
(p.Gly361Ser)

No Type 3 Assisted 
walking

3 Yes, spine - - - 34/F 5.7

COL1A2 c.3014G>A
(p.Arg1005His)

No Type 3 Immobile 3 Yes, very 
severe

- + - 35/F 6.5

SERPINF1 c.80dupA
(p.Glu28Glyfs*37)/
c.907C>T
(p.Arg303*)

No Type 3 Immobile 4 Yes, very 
severe

- - - 36/F 8.5 months

SERPINF1 c.317G>C
(p.Arg106Pro)

Yes Type 1 Mobile 2 No + - - 37/F 8.6

SERPINF1
c.988C>T
(p.Gln330*)

Yes Type 1 Mobile 2 No + - - 38/M 11.6

Type 3 Assisted 
sitting

4 Yes, spine - - - 39/F 6 months

P3H1 c.446T>G
(p.Leu149Arg)

Yes Type 4 Mobile 4 Yes, lower 
extremity

- - - 40/F 2.5 months

P3H1 c.446T>G
(p.Leu149Arg)

Yes Type 3 Assisted 
walking

3 Yes, lower 
and upper 
extremity

- - - 41/F 1.5 months

FKBP10 c.1490G>A
(p.Trp497*)

No Type 4 Assisted 
walking

4 Yes, lower 
and upper 
extremity

- - - 42/M 4.3

Type 4 Sitting 3 Yes, lower 
and upper 
extremity

- - - 43/M 5 months

FKBP10 c.831dupC
(p.Gly278Argfs*95)

Yes Type 3 Assisted 
sitting

3 Yes, lower 
and upper 
extremity

- - + 44/M 4.6

FKBP10 c.21dupC
(p.Ser8Glnfs*67)

No Type 3 Immobile 3 Yes, very 
severe

- - - 45/F 8.3

Type 3 Assisted 
sitting

5 Yes, very 
severe

- - - 46/M 4.7

--- --- Yes Sitting Sitting 4 Yes, lower 
and upper 
extremity

+ - - 47/F 6.2

--- --- Yes Assisted 
sitting

Assisted 
sitting

3 Yes, very 
severe

- - - 51/M 3.7

--- --- Yes Assisted 
sitting

Assisted 
sitting

3 Yes, very 
severe

+ - - 53/M 1.5

--- --- No Sitting Sitting 3 Yes, lower 
extremity

- - - 48/M 13.2

--- --- No Mobile Mobile 1 No + - - 49/M 10.6

--- --- No Mobile Mobile 3 Yes, upper 
extremity and 
spine

- - - 50/M 2.2

--- --- Yes No sitting No sitting 2 Yes, lower 
extremity

- + - 52/M 2.1

--- --- No Mobile Mobile 2 No - - - 54/M 2.4

--- --- Yes Mobile Mobile 4 No + - + 55/M 5.2

--- --- Yes Assisted 
sitting

Assisted 
sitting

1 Yes, very 
severe

- - + 56/F 1.5 months

BD: bone deformity, BS: blue sclera, DI: dentinogenesis imperfecta, HL: hearing loss, M: male, F: female, yrs: years

Table 2. Continued
Gene Variant

c.DNA (protein)
Consanguineous 
marriage in 
parents

Clinical 
type

Currently 
mobilization
status

Number 
of 
fractures/
years

Bone 
deformity

BS HL DI Patient 
number/
gender

Diagnosis 
age (yrs)
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Table 3. Genetic characteristics of patients with variants related to osteogenesis imperfecta

Gene Variant c.DNA 
(protein)

Transcript Genomic 
position

dbSNP ACMG/AMP 
criteria

ExAC GnomAD 
(aggregated)

COL1A1 c.120C>A
(p.Cys40*)

NM_000088.4 chr17-48277292 rs762780039 P N/A N/A

COL1A1 c.1283delG
(p.Gly428Valfs*113)

NM_000088.4 chr17-48272608 LP N/A N/A

COL1A1 c.1699C>T
(p.Pro567Ser)

NM_000088.4 chr17-48271372 VUS N/A N/A

COL1A1

COL1A2

c.3677A>G
(p.Asp1226Gly)/
c.2296G>C 
(p.Gly766Arg)

NM_000088.4

NM_000089.4

chr17-48264138

chr7-94050321

rs1319157667 VUS

P

N/A 0.0032

COL1A1 c.626G>A
(p.Gly209Asp)

NM_000088.4 chr17-48275326 P N/A N/A

COL1A1 c.1057-2A>C NM_000088.4 chr17-48273028 rs66511271 LP N/A N/A

COL1A1 c.1081C>T
(p.Arg361*)

NM_000088.4 chr17-48273002 rs72645366 P N/A N/A

COL1A1 c.1299+1G>A NM_000088.4 chr17-48272592 rs66490707 P N/A N/A

COL1A1 c.1299+1G>T NM_000088.4 chr17-48272592 LP N/A N/A

COL1A1 c.1353+2T>C NM_000088.4 chr17-48272406 rs72648335 LP N/A N/A

COL1A1 c.1405C>T
(p.Arg469*)

NM_000088.4 chr17-48272138 rs762428889 P N/A N/A

COL1A1 c.2596G>A
(p.Gly866Ser)

NM_000088.4 chr17-48267237 rs67445413 P N/A N/A

COL1A1 c.3235G>A
(p.Gly1079Ser)

NM_000088.4 chr17-48265483  rs72654802 P N/A N/A

COL1A1 c.3505G>A
(p.Gly1169Ser)

NM_000088.4 chr17-48264402 rs67815019 P N/A N/A

COL1A1 c.1128delT
(p.Gly377Alafs*164)

NM_000088.4 chr17-48272954 rs72645370 P N/A N/A

COL1A1 c.1459_1460insA
(p.Arg487Glnfs*6)

NM_000088.4 chr17-48272083 LP N/A N/A

COL1A1 c.958G>C
(p.Gly320Arg)

NM_000088.4 chr17-48273560  LP N/A N/A

COL1A1 c.4051C>T
(p.Gln1351*)

NM_000088.4 chr17-48263336 P N/A N/A

COL1A1 c.441delC
(p.Gly148Aspfs*117)

NM_000088.4 chr17-48276616  rs1473458290 P N/A N/A

COL1A1 c.886G>T
(p.Gly296*)

NM_000088.4 chr17-48273862 LP N/A 0

COL1A1 c.1156-1G>A NM_000088.4 chr17-48272840 LP N/A N/A

COL1A1 c.3647A>G
(p.Tyr1216Cys)

NM_000088.4 chr17-48264168 rs1555571849 LP N/A N/A

COL1A1 c.608G>T
(p.Gly203Val)

NM_000088.4 chr17-48275344 rs72667031 P N/A N/A

COL1A1 c.1405C>T
(p.Arg469*)

NM_000088.4 chr17-48272138  rs762428889 P N/A N/A

COL1A1 c.2829+2dupT NM_000088.4 chr17-48266735 LP N/A N/A

COL1A2 c.1972G>A
(p.Gly658Ser)

NM_000089.4 chr7-94047811  LP N/A N/A

COL1A2 c.3250G>T
(p.Gly1084Cys)

NM_000089.4 chr7-94056590 P N/A N/A

COL1A2 c.928G>C
(p.Gly310Arg)

NM_000089.4 chr7-94038912 rs72656391 LP N/A N/A



Özen S et al. 
Molecular Genetic Diagnosis in a Cohort of Osteogenesis Imperfecta 

J Clin Res Pediatr Endocrinol
2024;16(4):431-442

438

Bone fractures and deformities in OI usually occur at 
an early age and are often caused by repeated bone 
remodeling in long bones (2,29). This affects patients’ 
growth, functional status, and mobility. In our study, 20.6% 
of patients with the COL1A1 variant and all of those with the 
COL1A2 variant had difficulty walking. In 24.1% of patients 
with the COL1A1 variants, and all of those with the COL1A2 
variants, deformities were detected in the extremities. Mohd 
Nawawi et al., (30) showed that 63.6% of all OI patients 
had bone deformities at the age of nine years and needed 
help to walk. Studies have shown that bone deformities are 
more common in patients with qualitative variants than 
quantitative variants (2,29). Hald et al. (31,32) showed that 
OI patients with quantitative defects had normal protein 
structure in bone, despite collagen deficiency. This allows 
bone mineralization and thus leads to fewer breakages than 
qualitative defects (11,31).

DI has been reported in more frequently type 3 and rarely 
type 1 OI (33,34). DI was detected in 12 (21.4%) of the 
patients in the present study. The clinical diagnosis of the 
patients with DI was as follows: 5 patients (41.6%) were 
type 1, 4 (33.3%) type 3, and 3 (25%) type 4. In another 
study, DI was reported to be more frequent in patients with 
more severe clinical types (type 3 and 4) than in moderately 
affected groups (type 1) (34). Those with a qualitative 

variant, that is a problem in collagen structure, are more at 
risk of developing DI. Structurally abnormal collagen affects 
the development of dental germ cells in the predentin 
during the mineralization process (35). 

In the present study, 63.1% had a variant in the COL1A1 
gene, 13.1% in the COL1A2 gene, and 2.6% in both genes; 
in total, 78.8% of patients had variants in these two genes. 
In 11 (19.6%) out of 21 patients without variants in these 
genes, by NGS analysis, three other gene (SERPINF1, 
FKBP10, and P3H1) variants were detected. Three (7.8%) 
families had FKBP10, 3 (7.8%) families had SERPINF1, and 
2 (5.2%) families had the P3H1 variant. Abali et al. (36) 
studied 89 patients with OI. Similarly to our study, these 
authors reported a majority (61.4%) having variants in 
COL1A1 and COL1A2 genes, while much lower proportions 
had varinats in other OI-associated genes: 5 (5.6%) with 
FKBP10; 2 (2.2%) LRP5; 1 (1.1%) P3H1; 1 (1.1%) CRTAP; 1 
(1.1%) BMP1; and 1 (1.1%) SPARC variant. 

COL1A1 and COL1A2 Gene Variants

Variants in COL1A1 and COL1A2 encoding type 1 collagen 
are responsible for most of the etiology in OI. In the present 
study, 62.4% of patients had variants in these two genes, 
similarly to previous repots where variants in these two genes 
were responsible for 51-73% of the disease (25,30,37,38). 

Table 3. Continued

Gene Variant c.DNA 
(protein)

Transcript Genomic 
position

dbSNP ACMG/AMP 
criteria

ExAC GnomAD 
(aggregated)

COL1A2 c.1081G>A
(p.Gly361Ser)

NM_000089.4 chr7-94039599 LP N/A N/A

COL1A2 c.3014G>A
(p.Arg1005His)

NM_000089.4 chr7-94055751 rs200357942 VUS N/A N/A

SERPINF1 c.80dupA
(p.Glu28Glyfs*37)/
c.907C>T
(p.Arg303*)

NM_002615.7 chr17-1670283

chr17-1679946 rs763291398

LP

P

0.0025 0.0046

SERPINF1 c.317G>C
(p.Arg106Pro)

NM_002615.7 chr17-1674356  rs148872301 VUS N/A N/A

SERPINF1 c.988C>T
(p.Gln330*)

NM_002615.7 chr17-1680027  LP 0.0016 0.0008

P3H1 c.446T>G
(p.Leu149Arg)

NM_022356.4 chr1-43232197 VUS 0.0016 0.0008

FKBP10 c.1490G>A
(p.Trp497*)

NM_021939.4 chr17-39977996 LP N/A N/A

FKBP10 c.831dupC
(p.Gly278Argfs*95)

NM_021939.4 chr17-39975558  rs137853883 P N/A N/A

FKBP10 c.21dupC
(p.Ser8Glnfs*67)

NM_021939.4 chr17-39969300 rs782271121 P 0.0189 0.0107

*Exome Aggregation Consortium (http://exac.broadinstitude.org).
#The allele frequency in the ExAC database does not represent all ethnic group.
LP: likely pathogenic, VUS: variant of unknown significance, P: pathogenic, N/A: not applicable, ACMG: American College of Medical Genetics, AMP: Association for 
Molecular Pathology
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Moreover, variants in the COL1A1 gene were detected more 
frequently in both the present study and earlier studies than 
the COL1A2 gene (4,25,27,30).

In one (3.3%) case (patient 7), a heterozygous variant 
was detected in both COL1A1 c.3677A>G p.(Asp1226Gly) 
and COL1A2 c.2296G>C p.(Gly77Arg) genes. The variant 
detected in the COL1A1 gene was also found in the 
asymptomatic father of the patient in segregation analysis 
and we made the decision to discount the VUS variant in 
the COL1A1 gene as causing the phenotype. The variant in 
the COL1A2 gene was previously reported as pathogenic. 
Therefore, this variant may be responsible for the clinical 
findings in this case, who had severe clinical type with 
recurrent fractures and severe deformities. No cases carrying 
variants in both these two genes simultaneously have been 
reported previously. However, Ji et al. (39) reported a case 
with a severe clinic variant in COL1A1 and SERPINF1. 
Oligogenic inheritance should also be considered in cases 
with severe clinical features.

In patient 5, the variant c.1699C>T p.(Pro567Ser) in 
COL1A1 gene. The variant c.1699C>T in COL1A1 was 
detected once in the GME Variome database and once in 
the Turkish Variome database. The frequency of the variant 
in GMA Variome was 0.05% and it was 0,02% in the Turkish 
Variome. Both frequencies are less than 0.06%, which is 
the cut-off level for ACMG-PM2 criteria for this gene, and 
this is supporting evidence for the possibly pathogenic 
nature of the variant. This variant has not been reported in 
association with OI or any disease.

P3H1 Gene Variants

A homozygous c.446T> G p.(Leu149Arg) variant was 
detected in the P3H1 gene in two unrelated female patients 
(Patients 40 and 41) who were admitted with recurrent 
fractures before two months of age. This variant was 
thought to be disease-causing in in silico analysis and was 
not previously reported. Recurrent fractures continued 
with severe clinical phenotypes. In the literature, clinical OI 
type VIII due to P3H1 gene variants have moderate/severe 
phenotypic features (31). In the West African community, in 
the P3H1 gene, a relatively high c.1080+1G>T carriage was 
detected: 1/240. The homozygous form was associated with 
the perinatally lethal form of OI. This variant was thought 
to be a founding variant (40,41,42) but was not observed in 
any of the 56 patients in the present study.

SERPINF1 Gene Variants

In some populations, SERPINF1 and CRTAP variants have 
been reported to be responsible for recessive OI types. 

Some variants have been suggested as causing a “founder” 
effect (43). 

In the present study, four different variants were detected 
in three patients from different families, and another 
variant was detected in two siblings. Patients with 
SERPINF1 variants had a more severe clinical picture 
and early admission. Compound heterozygous c.80dupA 
p.(Glu28Glyfs*37) / c.907C>T p.(Arg303Ter) variant was 
found in an infant (patient 36) with fractures from birth, 
widespread deformities, and severe short stature. In in 
silico analyses, both variants were disease-causing. No blue 
sclera, DI, or hearing loss was detected. In the follow-up, 
despite treatment, his fractures recurred, his deformities 
increased, and independent mobilization never developed. 
Another patient (patient 39) who presented with a severe 
clinical picture at the age of 6 months had a homozygous 
c.988C>T p.(Gln330Ter) variant. Vertebral and lower 
extremity fractures were present. Similar to these patients, 
most SERPINF1 gene variants previously reported have 
been due to frameshift and nonsense variants (44,45). A 
missense homozygous c.317G>C p.(Arg106Pro) variant 
was found in a patient with a milder clinical picture who 
presented at 8.6 years with recurrent fractures without 
deformities. This variant was predicted to be a VUS by 
Franklin Genoox and Varsome programmes, by the ACMG 
2015 criteria. Most of the predictions tool predicted that 
this variant will be pathogenic or VUS. This variant has low 
population frequency. Given this evidence, it was thought 
that this homozygous c.317G>C p.(Arg106Pro) variant 
detected in SERPINF1 might be responsible for the clinical 
picture in the patient. These variants impair production of 
circulating pigment epithelium-derived factor (PEDF) as 
well as loss of PEDF protein function (2). Rauch et al. (46) 
reported that measuring PEDF concentration in serum may 
be a potential marker in assessing patients’ clinical severity. 

FKBP10 Gene Variants

A homozygous c.21dupC p.(Ser8Glnfs * 67) variant in the 
FKBP10 gene was detected in an 8.3-year-old girl (patient 
45) who presented with congenital joint contractures, 
recurrent fractures, and chest deformity resembling Bruck 
syndrome. No consanguineous marriage was reported. 
FKBP10 gene variants have been associated with severe 
OI and Bruck syndrome (2,11). In two brothers with Bruck 
syndrome, Shaheen et al. (47) reported a homozygous 8-bp 
insertion variant in the FKBP10 gene. Alanay and Krakow 
(48) reported that the patients in Shaheen et al.’s (47) study 
may have Bruck syndrome and that the clinical picture 
may be milder because they received bisphosphonate 
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treatment. Researchers have reported that different variants 
in the FKBP10 gene can explain the variable severity of 
phenotypes.

Genotype-phenotype correlations in OI have been extensively 
studied over the years, with certain investigations revealing 
significant associations (49,50). Notably, more severe 
phenotypes have been observed in patients harboring 
pathogenic variants in COL1A1 compared to those in 
COL1A2 (51). Mrosk et al. (52) suggested a robust correlation 
between genotype and the severity of phenotypes. They 
proposed a ranking based on phenotype severity as 
follows: P3H1, COL1A1, and COL1A2, respectively. In the 
present study, 60% of the patients with variants detected 
in the COL1A1 and COL1A2 genes, 50% of the patients with 
variants detected in the SERPINF1 and P3H1 genes, and 
60% of the patients with variants detected in the FKBP10 
gene had a severe phenotype. In addition, we identified 
a variant in a total of 15 affected individuals across seven 
families. Remarkably, the clinical types and features of cases 
with the same variant within these families were similar. On 
the other hand, c.1299+1G>A variant was detected in the 
COL1A1 gene in cases 11 and 12 from different families, and 
c.446T>G variant was detected in the P3H1 gene in cases 
40 and 41. The clinical features of pateints 11 and 12 were 
similar. However, while case 41 was type 4 OI, case 41 was 
type 3 OI and case 41 showed more severe type features. 
The literature indicates that while varying phenotypes can 
exist within the same family, similarities can also exist 
among individuals from different families who share the 
same genetic variant (2,53). The genotype-phenotype 
relationship in OI remains variable, as carriers of the same 
variant may develop diverse phenotypes. Furthermore, the 
factors influencing additional phenotypic differences have 
yet to be fully elucidated.

In the present study, no variants were detected in any of 
the genes covered by TruSight One used in the targeted 
NGS analysis in 10 (17.8%) patients. There may be more 
OI-associated genes or perhpas new candidate genes that 
were not covered by this panel. Targeted gene panels 
are highly efficient in the diagnosis of genetic disorders, 
which have genetic heterogeneity. This panel gave an 82% 
diagnostic yield. For most of the cases this high diagnostic 
yield was clinically useful but current technology allows us 
to perform WES-CNV at a comparable price. However, in 
most centers the capacity of the genetic laboratories is the 
main determinant of the genetic approach.

In one study, it was noted that an unusually high percentage 
of AR forms due to mutations in genes such as BMP1, 
FKBP10 were reported in their cohort of 50 patients. This 

highlights the utility of gene panel testing in a setting where 
specific mutations are known to be more common. WES 
can be particularly useful in cases where patients present 
with atypical features or where the targeted gene panel 
does not provide a definitive result. For example, in one 
patient, WES revealed no significant mutations, suggesting 
the presence of non-coding or complex inter-related genetic 
contributions to the disease that may have been missed 
by targeted panels. Targeted sequence analysis is often 
more practical and cost-effective when a patient’s clinical 
presentation strongly points to mutations in known OI-
associated genes. WES is more comprehensive and can 
reveal unexpected mutations, but is also more resource 
intensive. The choice between these techniques may 
depend on clinical indications, resources and the possibility 
of atypical genetic contribution to the disease (53). 

Study Limitations

There are some limitations to the present study due to the 
small size of the study population, single-center nature, and 
possible selection bias due to being only one tertiary center. 
Furthermore, the cases’ pedigrees were not considered 
because the study was conducted a long time ago. The 
exclusion of certain genes associated with osteogenesis 
imperfecta (CCDC134, CREB3L1, KDELR2, MESD, SPARC, 
TENT5A, TNEN38B, WNT1) also contributes to the study’s 
limitations.

Conclusion

This fairly comprehensive study demonstrated the clinical 
and molecular features of OI in a clinically diagnosed Turkish 
cohort. Genetic etiology was identified in 82.6% of 46 
families with targeted NGS analysis. In addition, nine novel 
variants in OI-associated genes were identified. However, no 
new candidate gene related to OI could be detected by NGS 
analysis and eight genes known to be associated with OI 
were not analyzed (see limitations above). In patients where 
variants cannot be detected by targeted NGS, advanced 
genetic analysis, such as WES analysis may be planned. 
Finally, targetted panel studies in genetically heterogeneous 
diseases like OI are helpful for increasing the rate of variant 
detection.
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What is already known on this topic?
Hyperglycemia is common in preterm infants and can affect long-term outcomes, especially regarding the neurological outcome. 
However, there are no treatment guidelines and there are a lot of controversies. Insulin is mostly administered via continuous intravenous 
infusion in preterm infants. Continuous subcutaneous insulin infusion (CSII) in preterm infants is only described in a few case reports 
and clinical research papers. 

What this study adds?
This study adds clinical expertise in the application of CSII in extremely preterm infants. The comparison of CSII and intravenously given 
Insulin in preterm infants allows to draw conclusions on the feasibility and dose control of CSII in preterm infants. To our knowledge it 
is the largest, described cohort of extremely preterm infants receiving CSII.

Abstract
Objective: Hyperglycemia in preterm infants is usually treated with adjustment of glucose intake and, if persistent, with continuous 
insulin infusion. However, hypoglycemia is a well-known complication of intravenous (iv) insulin treatment. The aim of this study was to 
evaluate the feasibility of continuous subcutaneous insulin infusion (CSII) in extremely preterm infants.
Methods: Clinical data from extremely premature infants (<28 weeks of gestation) undergoing CSII treatment for severe hyperglycemia 
in the neonatal intensive care unit were included. Blood glucose levels during CSII, as well as the nutritional intake and insulin intake 
were recorded. Data were analyzed and compared to a control group of very preterm infants receiving iv insulin therapy. 
Results: Normoglycemia rates were best in the iv insulin-cohort (n=22, 50.3%) compared to the CSII group (n=15, 15.6%). Hypoglycemia 
was very rare in both groups (0.4% vs. 0.0%). CSII therapy appears to require higher insulin doses compared to continuous iv therapy to 
achieve a similar effect. Subcutaneous Insulin therapy in extremely preterm infants is feasible, at least for prevention of hypoglycemia. 
However, dose control needs to be improved. 
Conclusion: The results justify further model validation and clinical trial research to explore a model-based protocol and the use of CSII 
in this population.
Keywords: Continuous subcutaneous insulin infusion, extremely preterm infants, hyperglycemia
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Introduction

In terms of long-term neurocognitive development, 
prevention of hypo- and hyper-glycemia plays a major 
role in the care of premature infants (PI). Persistent 
hyperglycemia occurs mostly in very low birth weight 
infants (VLBW) in the first days to weeks of life (1,2). There 
is a negative correlation between gestational age (GA), birth 
weight, and the occurrence of hyperglycemic episodes (1). 
In this respect, an isolated blood glucose (BG) level >10 
mmol/L within the first 28 days of life in VLBW is associated 
with a more than two-fold increase in 28-day mortality (3). 
Furthermore, hyperglycemia within the first 24 hours of life 
is associated with reduction in brain white matter structure 
on magnetic resonance imaging (4). 

Thresholds for managing hyperglycemia vary considerably 
across clinical settings (5,6,7,8,9). Due to varying definitions 
and methodological differences for BG level assessment, the 
incidence of hyperglycemia in studies varies between 40-
80% (1,3,10,11). The prevalence of hyperglycemia is highest 
at the end of the second week of life with approximately 
30% of preterm infants below 1500 g presenting with BG 
levels >10 mmol/L (10,11). Management of hyperglycemia 
starts with the adjustment of glucose intake. with the 
clinical aim of a reduction to a basic requirement of 5-6 
g/kg/day. Insulin treatment has been introduced using 
continuous intravenous (iv) infusion (3,12,13,14,15). 
However, increased catheter-associated infections have 
been described with iv treatment (2). In addition, the use of 
iv insulin infusion involves the fear of a resulting, iatrogenic 
hypoglycemia. Although continuous subcutaneous insulin 
infusion (CSII) therapy is regarded as a standard treatment 
of diabetes management in the pediatric population, very 
few data exist for using CSII in neonatal hyperglycemia. 
Available data are limited to a few studies in connection 
with neonatal diabetes mellitus (16,17), case reports, or 
“close loop“ monitoring in neonates (6,7,8). Hence, there is 
a gap in knowledge, which might offer benefit.

In the neonatal intensive care unit (NICU) of the University 
of Oldenburg, CSII in the management of hyperglycemia 
of extremely preterm infants was introduced as part of 
standard care since 2015. The aim of this study was to 
review the management of hyperglycemia following a 
standard CSII protocol in view of feasibility and safety. Data 
are compared with a cohort of preterm infants, treated for 
hyperglycemia within the first weeks of life using iv insulin 
from the NICU in Christchurch Hospital, New Zealand.

Methods

In a retrospective multi-center observational study 15 
extremely preterm infant, receiving CSII treatment for severe 
hyperglycemia in the first weeks of life during the period 
01/01/2015 to 01/04/2021, were identified. All infants were 
inborn patients treated at the level 3 NICU of the University 
of Oldenburg. Data on patient characteristics, BG test results, 
insulin medication, enteral nutritional intake, administration 
of parenteral iv infusion and individual drug medication 
were collected from patient records. Enteral glucose was 
supplied either as breast milk or preterm formula. For 
breast milk, a carbohydrate content of 70 mg per liter was 
estimated. The carbohydrate content of preterm formula 
was calculated according to the manufacturer’s instructions.

All BG measurements were performed by rapid Accu-Chek 
BG test (Roche Diabetes Care Inc., Indianapolis, Indiana, 
USA). The definition of hyper- and hypo-glycemia, as well 
as the therapeutic intervention in the management of 
transient hyperglycemia, followed the local NICU guideline: 
Hypoglycemia, <4 mmol/L; life-threatening hypoglycemia, 
<2.6 mmol/L; normoglycemia, 4-10 mmol/L; and 
hyperglycemia, >10 mmol/L. For BG values >16.65 mmol/L 
repeat measurement was performed within 12 hours, 
reduction of parenteral glucose infusion rate in 1-1.5 g/kg/
day steps to a minimum of 5-6 mg/kg/hour was performed 
initially. The indication for continuous insulin therapy was 
when BG values >16.65 mmol/L persisted over a period 
of 12 hours, despite adjustment of the iv glucose rate to 
a minimum of 5-6 g/kg/d. According to our guideline, the 
initial dosing of CSII was 0.01-0.05 IU/kg/hour, increased 
in small increments to a maximum rate of 0.1 IU/kg/hour, 
depending on measured BG values. Insulin dosing was re-
evaluated and modified at the bedside with each 3-hour BG 
measurement. A BG level between 8.3-11.2 mmol/L (150-
200 mg/dL) was the clinical goal for the BG range during 
CSII. 

All preterm infants used an Accu-Chek Combo insulin 
pump (Roche Diabetes Care Inc., Indianapolis, Indiana, 
USA) with rapid-acting (2-5 hour action duration) Humalog 
insulin (Eli Lilly Co., Indianapolis, Indiana, USA). The insulin 
pumps were not designed for use in preterm infants, so the 
standard insulin concentration of 100 IU/mL would have 
limited delivery in PI. Therefore, the insulin was diluted 
1/10 with “Sterile Diluent for Humalog U-100” to achieve a 
concentration of 10 IU/mL. The subcutaneous needle was 
placed in the thigh of the patients and was routinely changed 
every 48-72 hours, following guidelines. The insulin in the 
pump was routinely changed every seven days. 



Böettger M et al.
Continuous Subcutaneous Insulin Infusion in Extemely Preterm Infants 

J Clin Res Pediatr Endocrinol
2024;16(4):443-449

445

Results were compared with a retrospective, iv insulin-
treated cohort of preterm infants, consisting of 22 VPI at the 
NICU in Christchurch, New Zealand between 2005-2009. 
Analogous to the procedure in Oldenburg, a reduction in 
glucose intake was carried out in the corresponding study 
period in the case of persistent hyperglycemia. With two 
values above 10 mmol/L, intravenous insulin therapy 
with 0.05 IU/kg/hour was started. In the course, a fixed 
adjustment was made depending on the BG value. 

Ethics approval to conduct this study was obtained from the 
Medical Ethics Committee of the University of Oldenburg 
(no: 2021-024, date: 11.02.2021).

Statistical Analysis

For statistical analysis, descriptive tests were used. The 
distribution of values was non-Gaussian. Statistical analyses 
were processed using Statistical Package for the Social 
Sciences statistical software, version 26.0 for Mac (IBM Inc., 
Armonk, NY, USA).

Results

Patient characteristics are presented in Table 1. The SCII 
group (n=15) of VPI presented with a median birth-weight 
of 620 [interquartile range (IQR): 560-700] g and GA of 24 

(24+0 - 24+6) weeks. CSII was initiated at a median of 77 
(61-141) hours of life. The median duration of insulin therapy 
using CSII was 191 (71-244) hours in the cohort. A total of 
2.736 hours of insulin therapy by CSII and 803 glucose 
readings were included. No major complications requiring 
treatment occurred. Local redness at needle insertion site 
was observed twice, and both healed spontaneously.

The iv-cohort was composed of 22 preterm infants (7 male, 
31.8%) who received continuous iv insulin in the NICU at 
the Christchurch Women’s Hospital. Median GA was 27 (26-
27) weeks with a median birth weight of 840 (800-900) g. 
Median duration of therapy was 86 (32.5-184) hours. Table 
1 depicts patient and therapeutic characteristics of both 
cohorts. 

Table 1 lists key delivery and outcome glycemia results for 
both cohorts. For the Oldenburg CSII cohort, the starting 
dose used was a minimum of 0.002 IU and a maximum of 
0.102 IU/h/kg, with a median of 0.014 (0.036-0.010) IU/h/
kg. The minimum insulin intake in this cohort ranged from 
0.002 to 0.051 IU/h/kg, spanning 0.049 IU/h/kg body weight. 
The maximum insulin dose ranged from 0.011 to 0.181 IU/h/
kg. A total of 40% (6/15 VPI) received insulin doses above 
the maximum recommended dose of 0.1 IU/h/kg (Figure 1), 
where all infants had highly variable administration rates. 

Table 1. Cohorts and demographic data for the CSII (Oldenburg, Germany) cohort and the iv insulin treated cohort (Christchurch, 
New Zealand). Data are shown as median value and (range) or (IQR) as shown

CSII cohort (Oldenburg) iv cohort (Christchurch)

n patients (n male) 15 (8) 22 (7)

Total hours of treatment 2736 2946

Amount of BG measurements 803 902

Duration of insulin application, hours [IQR] 191 [71-249] 86 [32.5-184]

Gestational age*, weeks [IQR] 24 [24-24] 27 [26-27]

Body weight*, gram [IQR] 620 [570-735] 840 [800-900]

Postnatal age**, days [IQR] 3 [2-5] 3 [1-7]

BG measurement interval, hours [IQR] 3.3 [2.9-3.9] 3.4 [2.8-3.9]

Insulin rates, IU/kg/h [IQR] 0.02 [0.02-0.05] 0.03 [0.02-0.05]

Total glucose input, mg/kg/min [IQR] 8.0 [6.8-9.6] 8.5 [5.5-9.2]

BG median [IQR] 11.2 [9.9-12.5] 7.9 [6.6-9.2]

Median % BG between 4.0-8.0 mmol/L [IQR] (mean) 15.6 [5.6-21.1]
(13.2)

50.3 [42.1-66.3]
(50.9)

Median % BG >10 mmol/L [IQR] (mean) 62.8 [50.0-77.5]
(65.0)

8.1 [4.9-21.4]
(17.2)

Median % BG <4.0 mmol/L [IQR] (mean) 0.0 [0.0-1.3]
(0.5)

0.4 [0.0-3.0]
(2.1)

Median % BG <2.6 mmol/L [IQR] (mean) 0.0 [0.0-0.0]
(0.1)

0.0 [0.0-0.0] 
(0.1)

Number of patients with BG level <2.6 mmol/L 1 1

*At birth.
**At the start of insulin treatment.
IQR: interquartile range, CSII: continuous subcutaneous insulin infusion, iv: intravenous, BG: blood glucose
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The interquartile range of insulin intake of the 15 VPI of 
0.02-0.05 IU/kg/h illustrates a high variability of the insulin 
dose used around the median of 0.02 IU/h/kg. In 3 (20%) 
the starting dose was below the recommended minimum of 
0.01 IU/h/kg at baseline. In contrast, 6 (40%) VPI received 
an insulin supply above the recommended maximum of 0.1 
IU/h/kg. The median insulin intake for the entire duration of 
therapy was below the possible recommended maximum 
starting dose of 0.05 IU/h/kg in 11/15 (73.3%) preterm 
infants. 

The 22 patients in the comparison group receiving iv insulin 
as a continuous insulin infusion had a median insulin 
dose of 0.03 IU/h/kg (Table 1). Insulin delivery rates had a 

higher median value, but similar range and IQR. Glucose 
administration was similar between the two cohorts. The 
evaluation of BG using CSII was based on the percentage 
of measured values in a defined range for normo-, hypo- 
and hyper-glycemia. Only values measured during CSII 
insulin administration (>0.0 IU/kg/h) were analyzed. The 
percentages refer to the number of glucose readings of the 
individual n=15 patients. Figure 2 shows the percentages 
of individual patients results. In 10/15 (66.7%) infants of the 
CSII cohort, contrary to expectations, the greater proportion 
of BG readings (58.8-100%) were above the defined reference 
range. In 5 (33%) of this cohort, 50% to a maximum of 
55% of the BG readings were within the reference range. 
The maximum proportion of normoglycemia for each 

Figure 1. Insulin intake of VPI (n=15) suffering from persistent hyperglycemia

Figure 2. Percentage of glucose measured in plasma for each of the n=15 preterm infants 
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preterm infant considered individually was not very high, 
at 55%. This outcome may be clarified when considering 
all 803 glucose readings. Overall, across the CSII cohort, 
only 34.5% were between 4.0-10.0 mmol/L and only 
13.2% between 4.0-8.0 mmol/L. Results and time in the 
normoglycemic range were relatively much higher for the iv 
insulin treated cohort (Table 1).

Discussion

Severe hyperglycemia in extremely preterm infants is 
associated with numerous comorbidities, which may 
persist into adulthood (4,8,18,19). This highlights the 
need for adequate therapy, which should compensate for 
the metabolic instability and/or functional insufficiency 
of compensating mechanisms during the first weeks of 
life of extremely preterm infants (1,2,3,11). The causes of 
dysregulation of glucose metabolism in preterm infants 
are diverse and include inadequate insulin production, 
low glycogen stores, and possible insulin resistance (7). In 
addition, treatment of hyperglycemia with continuous iv 
insulin is difficult and requires close monitoring to avoid 
associated hypoglycemia. Hyperglycemia has been shown 
as a first sign of cerebral intraventricular hemorrhage and 
at the same time being attributed to its development (20). 
As early as 1986, Ostertag et al. (21) provided evidence 
that extremely preterm infants may benefit from insulin 
pump therapy. Previous findings provide evidence for lower 
glucose fluctuations due to insulin pump therapy with 
continuous glucose measurement, compared to continuous 
intravenous insulin administration (6,8). 

In the present study, 15 extremely preterm infants who 
received insulin subcutaneously via an insulin pump 
were studied. During the therapy period of more than 
2.700 hours, no local or systemic infections requiring 
treatment were observed. Furthermore, only one episode 
of severe hypoglycemia was observed in more than 800 BG 
measurements. Thus, the therapeutic use of subcutaneous 
insulin therapy in VPI can be considered safe. However, in 
this study no CGM was used and thus hypoglycemia might 
have gone undetected. 

The preterm infants in the CSII cohort and a comparator 
iv insulin cohort received similar insulin administration 
rates (CSII: 0.02 IU/h/kg; iv insulin: 0.03 IU/h/kg). However, 
the iv insulin cohort had a significantly higher proportion 
of normoglycemic readings. Thus, the glycemic control of 
the CSII cohort appears inadequate at similar insulin rates. 
However, the birth weight, as well as the GA of the CSII 
cohort was lower than the iv cohort. The results suggest the 
different kinetics of iv insulin versus subcutaneous insulin 

therapy, and particularly the potential for subcutaneous 
insulin losses, which may explain the differences. Hence, 
the results suggest CSII in these cohorts may require a higher 
insulin dose, especially at start of the treatment, compared 
to iv insulin.

In the cohort studied, the median starting CSII insulin 
dose was within the in-house recommended range of 0.01-
0.05 IU/h/kg. However, there was marked variability. The 
median value also corresponds to the dosage of insulin 
used in previous studies (9,22). Compared with the cohort 
of continuous intravenous insulin delivery, the insulin rate 
of the CSII cohort was lower, even though possible insulin 
losses may reduce its impact. This difference may also be 
attributed to differences in protocol between the units and 
a different level of acceptance regarding safe insulin dosing 
levels. The “hesitant” use of insulin contrasts with the high 
BG values before the start of therapy and the high proportion 
of hyperglycemia during therapy. The reason for this may 
be the risk associated with hypoglycemia and a desire to 
avoid this, which is certainly of high priority for preterm 
infants. However, to achieve continuous normoglycemia, 
adequate insulin dosing is essential. Moreover, persistent 
hyperglycemia (>180 mg/dL or 10 mmol/L) is also associated 
with worse outcome in preterm infants (13,23). However, the 
lack of treatment recommendations when using CSII makes 
adequate glycemic control difficult. Avoiding hyperglycemia 
by means of adequate insulin delivery should be seen as 
important as avoiding hypoglycemia. 

In the 15 preterm infants studied, adequate glycemic 
control could not be achieved using a CSII with the insulin 
rates used. Overall, this study is a comparison of cohorts 
with differences in sample number, GA, and birth weight. 
Nevertheless, descriptive comparisons can be made 
because the number of glucose measurements and the 
total duration of insulin administration are similar. The 
importance of adequate insulin dosing is evident when 
considering the high proportion of hyperglycemia in the 
cohort studied. Severe hyperglycemia is associated with 
worse outcome in preterm infants (23). For example, Kao 
et al. (23) demonstrated a significant association between 
hyperglycemia (mean 7-day glucose >180 mg/dL or 10 
mmol/L) and the occurrence of necrotizing enterocolitis II°-
III°. In addition, hyperglycemia >8 mmol/L in extremely 
preterm infants appears to be associated with delayed motor 
development and lower intelligence quotients at 6.5 years of 
age. Insulin therapy, on the other hand, appears to have no 
effect on either outcome (24). Current data suggest model-
based insulin administration has the potential to improve 
therapy management. STAR-GRYPHON is a metabolic model 
that already improves the control of continuous iv insulin 
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therapy, considering factors such as enteral and parenteral 
glucose intake, weight and age. In the NICU in Christchurch, 
New Zealand, it has been used in clinical practice for some 
time (25). In a recent study, Zhou et al. (26) demonstrated 
model-based subcutaneous insulin therapy may allow for 
better control to achieve the goal of normoglycemia more 
rapidly and persistently.

Study Limitations

The small number of cases in the study limits the conclusions 
that can be drawn from this analysis. Furthermore, the iv 
insulin cohort comparator is not randomized nor matched 
and was born around ten years before the CSII Group. In the 
last ten years there have been many changes in the practice 
of neonatology, which might also affect the outcome. The CSII 
cohort received insulin in a neonatal center with different in-
hospital standards and protocols. The iv treatment protocol 
had, for example, a lower treatment threshold, which has 
to be considered when looking at the results. In addition, 
the preterm infants in the iv insulin treated cohort had a 
higher median GA and birth weight and a higher case load. 
Due to the small number of cases the calculation of p values 
to compare continuous non-parametric groups of values 
was waived. However, the differences and similarities in 
glycemic outcomes allow conclusions to be drawn on the 
safety and potential efficacy of CSII in these cohorts and 
the need to better account for differences in insulin kinetics 
between delivery routes.

Conclusion

Overall, the comparison of the two cohorts allows an 
indication of inadequate glycemic control and insulin rates 
in the CSII cohort. This study shows CSII in extremely 
preterm infants is feasible but, compared with the 
retrospective iv insulin treated cohort, the current insulin 
regime leads to insufficient control of hyperglycemia. In 
terms of hypoglycemia, as well as local infections, CSII in 
extremely preterm infants appears quite safe. However, 
in view of different kinetics compared to iv therapy, there 
is still considerable potential for improvement in dosing. 
CSII required higher dosing of insulin compared to iv 
administered insulin. Ideally, the mode of administration 
should be model-based to best account for inter- and intra-
patient variability in kinetics and dynamics of insulin action. 
Randomized studies with an adequate number of cases are 
necessary once safe, effective treatment protocols have 
been established. 

Ethics 

Ethics Committee Approval: Ethics approval to conduct 
this study was obtained from the Medical Ethics Committee 
of the University of Oldenburg (no: 2021-024, date: 
11.02.2021).

Informed Consent: Retrospective study.

Footnotes

Authorship Contributions

Concept:  Axel Heep, Design:  Axel Heep, Matthias Lange, 
Data Collection or Processing: Merle Böettger, Tony Zhou, 
Analysis or Interpretation: Merle Böettger, Jennifer Knopp, 
J. Geoffrey Chase, Axel Heep, Michael von Vangerow, Eva 
Cloppenburg, Matthias Lange, Literature Search:  Merle 
Böettger, Writing:  Merle Böettger, J. Geoffrey Chase, Axel 
Heep, Matthias Lange.

Financial Disclosure: The authors declared that this study 
received no financial support.

References
1.	 Beardsall K, Vanhaesebrouck S, Ogilvy-Stuart AL, Vanhole C, Palmer 

CR, Ong K, vanWeissenbruch M, Midgley P, Thompson M, Thio M, 
Cornette L, Ossuetta I, Iglesias I, Theyskens C, de Jong M, Gill B, 
Ahluwalia JS, de Zegher F, Dunger DB. Prevalence and determinants of 
hyperglycemia in very low birth weight infants: cohort analyses of the 
NIRTURE study. J Pediatr. 2010;157:715-719. Epub 2010 Jun 8

2.	 Ditzenberger GR, Collins SD, Binder N. Continuous insulin intravenous 
infusion therapy for VLBW infants. J Perinat Neonatal Nurs. 1999;13:70-82.

3.	 Zamir I, Tornevi A, Abrahamsson T, Ahlsson F, Engström E, Hallberg B, 
Hansen-Pupp I, Sjöström ES, Domellöf M. Hyperglycemia in Extremely 
Preterm Infants-Insulin Treatment, Mortality and Nutrient Intakes. J 
Pediatr. 2018;200:104-110. Epub 2018 May 3

4.	 Alexandrou G, Skiöld B, Karlén J, Tessma MK, Norman M, Adén U, 
Vanpée M. Early hyperglycemia is a risk factor for death and white 
matter reduction in preterm infants. Pediatrics. 2010;125:584-591. 
Epub 2010 Feb 22

5.	 Segerer H, Bührer C, Kapellen T, Mattern E, Ramsauer B, Somville 
T, Trotter A. Betreuung von Neugeborenen diabetischer Mütter. 
Leitlinie der GNPI, DGPM, DDG, DGHWi, dem DHV, der DGKJ und 
DGGG. (2k-Level, AWMF-Leitlinien-Register Nr. 024/006, Juli 2017). Z 
Geburtshilfe Neonatol. 2018;222:107-114. Epub 2018 Jun 19

6.	 Beardsall K, Thomson L, Elleri D, Dunger DB, Hovorka R. Feasibility of 
automated insulin delivery guided by continuous glucose monitoring 
in preterm infants. Arch Dis Child Fetal Neonatal Ed. 2020;105:279-
284. Epub 2019 Aug 9

7.	 Ogilvy-Stuart AL, Beardsall K. Management of hyperglycaemia in the 
preterm infant. Arch Dis Child Fetal Neonatal Ed. 2010;95:126-131.

8.	 Beardsall K, Ogilvy-Stuart AL, Ahluwalia J, Thompson M, Dunger DB. 
The continuous glucose monitoring sensor in neonatal intensive care. 
Arch Dis Child Fetal Neonatal Ed. 2005;90:307-310.

9.	 van der Lugt NM, Smits-Wintjens VE, van Zwieten PH, Walther FJ. Short 
and long term outcome of neonatal hyperglycemia in very preterm 
infants: a retrospective follow-up study. BMC Pediatr. 2010;10:52.



Böettger M et al.
Continuous Subcutaneous Insulin Infusion in Extemely Preterm Infants 

J Clin Res Pediatr Endocrinol
2024;16(4):443-449

449

10.	 Szymońska I, Jagła M, Starzec K, Hrnciar K, Kwinta P. The Incidence Of 
Hyperglycaemia In Very Low Birth Weight Preterm Newborns. Results 
of A Continuous Glucose Monitoring Study--Preliminary Report. Dev 
Period Med. 2015;19:305-312.

11.	 Fernández-Martínez MDM, Gómez-Llorente JL, Momblán-Cabo J, 
Martin-González M, Calvo-Bonachera M, Olvera-Porcel M, Bonillo-
Perales A. Monitoring the incidence, duration and distribution of 
hyperglycaemia in very-low-birth-weight newborns and identifying 
associated factors. J Perinat Med. 2020;48:631-637.

12.	Ng SM, May JE, Emmerson AJ. Continuous insulin infusion in 
hyperglycaemic extremely-low- birth-weight neonates. Biol Neonate. 
2005;87:269-272. Epub 2005 Feb 4

13.	Alsweiler JM, Harding JE, Bloomfield FH. Tight glycemic control with 
insulin in hyperglycemic preterm babies: a randomized controlled 
trial. Pediatrics. 2012;129:639-647. Epub 2012 Mar 19

14.	Hewson M, Nawadra V, Oliver J, Odgers C, Plummer J, Simmer 
K. Insulin infusions in the neonatal unit: delivery variation due to 
adsorption. J Paediatr Child Health. 2000;36:216-220.

15.	Wilson D, Mc Clure G. Continuous Insulin Infusion is Safe and 
Efficacious in the Hyperglycemic ELBW Infant: Results of a RCT † 
1587. Pediatr Res. 1999;43(Suppl 4):271.

16.	Wintergerst KA, Hargadon S, Hsiang HY. Continuous subcutaneous 
insulin infusion in neonatal diabetes mellitus. Pediatr Diabetes. 
2004;5:202-206.

17.	Beardsall K, Pesterfield CL, Acerini CL. Neonatal diabetes and insulin 
pump therapy. Arch Dis Child Fetal Neonatal Ed. 2011;96:223-224. 
Epub 2010 Nov 29

18.	Dorling J, Abbott J, Berrington J, Bosiak B, Bowler U, Boyle E, Embleton 
N, Hewer O, Johnson S, Juszczak E, Leaf A, Linsell L, McCormick K, 

McGuire W, Omar O, Partlett C, Patel M, Roberts T, Stenson B, Townend 
J; SIFT Investigators Group. Controlled Trial of Two Incremental Milk-
Feeding Rates in Preterm Infants. N Engl J Med. 2019;381:1434-1443.

19.	Paulsen ME, Brown SJ, Satrom KM, Scheurer JM, Ramel SE, Rao RB. 
Long-Term Outcomes after Early Neonatal Hyperglycemia in VLBW 
Infants: A Systematic Review. Neonatology. 2021;118:509-521. Epub 
2021 Aug 19

20.	Caldas JP, Braghini CA, Mazzola TN, Vilela MM, Marba ST. Peri-
intraventricular hemorrhage and oxidative and inflammatory 
stress markers in very-low birth weight newborns. J Pediatr (Rio J). 
2015;91:373-379. Epub 2015 Apr 23

21.	 Ostertag SG, Jovanovic L, Lewis B, Auld PA. Insulin pump therapy in the 
very low birth weight infant. Pediatrics. 1986;78:625-630.

22.	Meetze W, Bowsher R, Compton J, Moorehead H. Hyperglycemia in 
extremely- low-birth-weight infants. Biol Neonate. 1998;74:214-221.

23.	Kao LS, Morris BH, Lally KP, Stewart CD, Huseby V, Kennedy KA. 
Hyperglycemia and morbidity and mortality in extremely low birth 
weight infants. J Perinatol. 2006;26:730-736. Epub 2006 Aug 24

24.	Zamir I, Stoltz Sjöström E, Ahlsson F, Hansen-Pupp I, Serenius F, 
Domellöf M. Neonatal hyperglycaemia is associated with worse 
neurodevelopmental outcomes in extremely preterm infants. Arch Dis 
Child Fetal Neonatal Ed. 2021;106:460-466. Epub 2021 Apr 16

25.	Knopp Nee Dickson JL, Lynn AM, Shaw GM, Chase JG. Safe and effective 
glycaemic control in premature infants: observational clinical results 
from the computerised STAR-GRYPHON protocol. Arch Dis Child Fetal 
Neonatal Ed. 2019;104:205-211. pub 2018 Jun 21

26.	Zhou T, Boettger M, Knopp JL, Lange M, Heep A, Chase JG. Model-
based subcutaneous insulin for glycemic control of pre-term infants in 
the neonatal intensive care unit. Comput Biol Med. 2023;160:106808. 
Epub 2023 Mar 21



ORIGINAL ARTICLE

©Copyright 2024 by Turkish Society for Pediatric Endocrinology and Diabetes / The Journal of Clinical Research in Pediatric Endocrinology published by Galenos Publishing House.
Licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 (CC BY-NC-ND) International License.

450

J Clin Res Pediatr Endocrinol 2024;16(4):450-457

DOI: 10.4274/jcrpe.galenos.2024.2024-1-7

Cite this article as: Olgun Çelebioğlu HB, Öztürk AP, Poyrazoğlu Ş, Tuncer FN. Whole Exome Sequencing Revealed Paternal Inheritance of Obesity-related 
Genetic Variants in a Family with an Exclusively Breastfed Infant. J Clin Res Pediatr Endocrinol. J Clin Res Pediatr Endocrinol. 2024;16(4):450-457

Conflict of interest: None declared
Received: 05.01.2024
Accepted: 17.06.2024

Epub: 20.06.2024
Publication date: 04.12.2024

Address for Correspondence: Feyza Nur Tuncer PhD, Istanbul University, Aziz Sancar Institute of Experimental 
Medicine, Department of Department of Genetics, Istanbul, Turkiye
E-mail: ftuncer@istanbul.edu.tr ORCID: orcid.org/0000-0001-8233-1839

Abstract
Objective: Obesity is a serious health problem that progressively affects individuals’ lives with comorbidities, such as heart disease, stroke, 
and diabetes mellitus. Since its prevalence has increased, particularly in children less than five years old, its genetic and environmental 
causes should be determined for prevention and control of the disease. The aim of this study was to detect underlying genetic risk factors 
in a family with an exclusively breastfed obese infant.
Methods: A three-generation family was recruited to be evaluated for obesity. Detailed examinations along with body mass index (BMI) 
calculations were performed on available family members. Whole exome sequencing (WES) was performed on a 7-month-old obese 
infant. Bioinformatic analyses were performed on the Genomize SEQ platform with variant filtering at minor allele frequencies <1% for 
all normal populations. Sanger sequencing was applied in variant confirmation and family segregation.
Results: Neuro-motor developmental features were normal and genetic syndromes were excluded from the index. Early-onset severe 
obesity (+4.25 standard deviation score weight-for-height) was evident in index case; his father and grandmother were also obese (BMIs 
38.1 kg/m2 and 31.3 kg/m2, respectively). WES analysis revealed deleterious variants in SH2B1, PDE11A, ADCY3, and CAPN10 genes 
previously associated with obesity. All variants were evaluated as novel candidates for obesity, except PDE11A, and family segregation 
confirmed paternal inheritance.
Conclusion: This study confirmed the paternal inheritance of all potentially deleterious obesity-related variants. The cumulative effect 
of individual variants might explain the obesity phenotype in this family. The infant is recommended to be followed up periodically due 
to increased risk for later childhood obesity.
Keywords: Early-onset obesity, whole exome sequencing, paternal inheritance, novel variants, body mass index

What is already known on this topic?
Obesity is a complex disorder characterized by excess body fat that manifests under the influence of genetic and environmental factors. 
Rapid growth during infancy and early childhood has directly been related to the onset of adult obesity. Whole exome sequencing (WES) 
has been used for identifying novel rare variants in disease pathogenesis. Nevertheless, the mechanism underlying this complex disease 
is still incompletely understood.

What this study adds?
WES analysis in combination with family segregation was used in predicting the risk for later obesity of an exclusively breastfed infant, 
and in providing genetic counseling to the family. The paternal inheritance of all potentially deleterious novel obesity-related variants 
was confirmed in the family. 
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Introduction

Obesity is a complex disorder characterized by excess body 
fat that manifests through the influence of both genetic 
and environmental factors. Various clinical manifestations 
of obesity originate from diverse phenotypic expression of 
genetic variants (1). Polygenic/common obesity is the most 
prevalent type of obesity in society, which occurs because of 
the effect of many polymorphisms, each contributing small 
effects (2). There is an imbalance between energy intake 
and consumption, which increases adipose tissue due to a 
combination of genetic predisposition and environmental 
factors (3). However, rare abnormalities linked to a single 
gene may occur and are termed monogenic or Mendelian 
obesity. Early-onset severe obesity is the development of 
obesity in early life, which might occur due to disruption 
in genes involved in pathways affecting energy balance, 
appetite, and adipocyte distribution (4). Obesity increasingly 
affects children under the age of 5 years, highlighting the 
importance of the early childhood period (5). According 
to the World Health Organization (WHO), in 2020 nearly 
39 million children under the age of 5 years were reported 
to be overweight or obese (6). Therefore, if protective and 
preventive measures are not taken, it is predicted that one-
fifth of the world’s population will be obese by 2025 (7). 

Rapid growth during infancy, especially in the first 4 months, 
and in early childhood (within the first 2 years of life) have 
been directly linked with the onset of adult obesity (6,8). 
Physiologic alterations in this critical developmental period 
contribute to the risk of obesity and comorbidities observed 
in adulthood (9). Consequently, infants born large for 
gestational age, along with rapid early growth and physical 
inactivity have been identified as significant risk factors for 
obesity (10,11,12). Meta-analysis comprising twin, family, 
and adoption studies have reported that the heritability of 
body mass index (BMI) ranges from 40% to 70%, implicating 
the role of genetics (13,14,15). Moreover, the genetic 
basis has been reported to influence hyperphagia, the 
disruption of energy balance, and body weight regulation, 
which all together may lead to severe pediatric obesity (3). 
Hence, genetic studies involving children are important to 
determine the type of obesity, its diagnosis, and the risk of 
recurrence, as well as in providing genetic counseling (16). 
In this respect, genome-wide association studies (GWAS) 
have been used extensively to identify common, risk-
conferring alleles, while whole exome sequencing (WES) 
was allowed the identification of novel rare variants in 
disease pathogenesis (17,18). GWAS exploits mostly non-
coding single nucleotide polymorphisms (SNPs) to associate 
their impacts on the transcriptional regulation of nearby 
genes through comparison of cases and controls. Since 85% 
of mutations are located in protein-coding regions of the 

genome, WES has been used for detecting deleterious rare 
variants in disease pathogenesis (19). Therefore, the GWAS 
and WES approaches complement each other in deciphering 
the missing heritability in complex disorders. However, in 
the case of obesity research, the collective efforts of these 
approaches have managed to explain only 2% to 6% of 
the genetic component of obesity in association with BMI 
variation (4,20), highlighting the need for further research 
in varied populations. 

The aim of this study was to identify novel rare variants 
associated with early childhood obesity in a three-generation 
family having an exclusively breastfed obese infant. The 
inheritance of obesity appeared to be paternal. Therefore, 
WES analysis in combination with family segregation was 
used in predicting the risk for later obesity of this infant, 
and in providing genetic counseling to this family. 

Methods

Patients and Clinical Assessments

A family from Turkiye, involving an exclusively breastfed, 
7-month-old, obese male infant along with his parents 
and grandmother, was recruited for this study. The index 
(HP028) was born as the first child of non-consanguineous 
parents and had abnormal weight gain in the early months 
of life. The grandmother reported a similar growth pattern 
for her son, with obesity starting in his early childhood and 
persisting throughout his life without any comorbidity. She 
and her deceased spouse were reported to be obese and 
overweight, respectively, from early childhood. The index 
was subjected to a detailed clinical examination comprising 
physical and serological evaluations. Detailed clinical data 
on family history was collected from the adult recruits. In 
children younger than 2 years of age, obesity is diagnosed 
if the sex specific weight for recumbent height is more 
than 97.7 percentile or 2 standard deviation scores (SDS) 
according to WHO growth standards (21).

Weight, height, and BMI SDSs of the index case were 
calculated according to the growth chart prepared with 
national standards and weight for height SDS was based 
on WHO growth standards (22,23). BMI values of adult 
individuals were calculated by height, and weight respectively. 
Following WHO standards, BMI values greater than 30 kg/m2 
were defined as obese and marked with black color on the 
pedigree (Figure 1). Written informed consents were obtained 
from all individuals or legal representatives in accordance 
with Istanbul University, Istanbul Medical Faculty Clinical 
Research Ethics Committee (protocol no: 2020/1054, date: 
01.09.2020). According to the manufacturer’s instructions, 
DNA was extracted using Purelink Genomic DNA Mini Kit 
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from peripheral blood (Invitrogen, Thermo Fisher Scientific, 
Inc., Waltham, MA, USA). The quantity and purity of DNA 
samples were measured with NanoDrop ND2000 (Thermo 
Fisher Scientific Inc.) spectrophotometry and samples were 
run on agarose gel as a final quality control.

Whole Exome Sequencing and Familial Segregation

WES was performed in the index case under the service 
of Izmir Tinaztepe University, Faculty of Medicine, Medical 
Genetic Diagnostic Center (Izmir, Turkiye). Exonic DNA was 
captured with the Twist Comprehensive Exome kit (Twist 
Bioscience, South San Francisco, CA, USA), which was used 
in library preparation. 36.8 Mb of protein-coding regions 
covering >99% of RefSeq, CCDS, and GENCODE databases 
were targeted in this manner. Thereafter, sequencing was 
performed on the Illumina NextSeq 550 platform to achieve 
a minimum of 20X reading depth for the targeted bases. 

Sequence annotations and variant filtering were conducted 
on the SEQ platform version 16.7 (https://seq.genomize.
com; Genomize Inc., Istanbul, Turkiye), which processes 
FASTQ files by aligning to the GRCh37/hg19 reference 
genome with a Burrows-Wheeler Alignment (BWA) tool 
(24). Variants were selected with Freebayes, after duplicate 
products and realignments of indels were removed by 
Genomize’s proprietary algorithms (25). Variants were 
annotated using VEP v102 (26). All variant prioritizations 
were performed for minor allele frequencies (MAF) <1% 
in all normal populations to detect rare variants. Initially, 
a whole variant list was filtered to select obesity-related 
genes obtained from the literature (Supplementary Table 
1). Secondly, intronic and synonymous variants were 
filtered out. The IGV_2.9.4 program was used to visualize 
sequence reads. MAFs were obtained from GnomAD, 1000 
Genomes Project, Exome Sequencing Project, TopMED, 
and SEQ-specific cohorts comprising approximately 15,000 
exome sequences of individuals from Turkiye with varying 
disorders. A set of in silico prediction tools, including 
FATHMM, M-CAP, CADD, SIFT4G, DANN, Polyphen-2, and 
Mutation Taster were used to examine the possible impact 
of selected variants on protein function. Human Splicing 
Finder (HSF Pro v3.1, Genomnis SAS Company) was used to 
evaluate the impact of splice region variants. The Genomic 
Evolutionary Rate Profiling (GERP) score was employed to 
estimate the evolutionary constraint in a particular position. 
Sanger sequencing was used to validate the variations 
obtained from the WES data and to perform segregation 
analysis. CLC Main Workbench 8.5 was used in Sanger 
sequence analysis against the reference sequence of the 
Ensembl GRCh37.p13 version. The list of primers used in 
Sanger sequencing are listed in Supplementary Table 2. 

Results

Clinical Evaluations

Herein, we describe a family comprising a child with excess 
weight gain, his parents, and his grandmother (Figure 1). 
Currently, the BMIs of HP030 and HP031 were calculated 

Table 1. Details of data quality and filtering results revealed 
by WES analysis

Quality metrics of whole exome sequencing data

Total number of reads aligned 69.6M

(M=million)  

Average depth (%) 150.22

% Targets with 50X coverage 99.96

Total number of annotations 235.8K

(K=thousand)

Total number of variants 35,554

Variants in candidate obesity genes 1,536

(Supplementary Table 1)

Number of pathogenic variants* 10

Number of likely pathogenic variants* 6

Number of variants of uncertain significance (VUS)* 3,454

Homozygous variants 1,253

Heterozygous variants 23,024

Variant filtering for MAF ≤0.01 2,626

*Pathogenicity determined in accordance with ACMG guidelines.
WES was performed for the index case and exonic DNA was captured with 
the Twist Comprehensive Exome Kit (Twist Bioscience, South SF, CA, USA). 
Sequencing was performed on the Illumina Nextseq 550 platform with at least 
20X reading depth. Numbers of obtained variants after filtering were shown in 
the table in different classifications.
WES: whole exome sequencing, VUS: variant of uncertain significance, ACMG: 
The American College of Medical Genetics and Genomics

Figure 1. Detailed pedigree of the family with an obese infant. 
A three-generation family having an exclusively breastfed obese 
infant was analyzed in terms of obesity. The obese index case 
(7-month-old, male) was shown by an arrow. Asterisk indicates 
members with available genetic material. Body weight status 
was determined by WHO standards

WHO: World Health Organization
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as 38.1 kg/m2 (obese class II) and 31.3 kg/m2 (obese class 
I), respectively, and HP031 had comorbidities of type 2 
diabetes mellitus (T2DM) and hyperlipidemia. Moreover, 
the grandfather (#101), who died at the age of 61 due 
to complications caused by T2DM, was reported to be 
overweight. In contrast, the index’s mother (HP029) was 
lean, whereas her sibling (#203) and her mother (#102) 
were both reported to be obese, and #102 was previously 
diagnosed with hypertension and T2DM.

The index case, HP028, was delivered at the 42nd gestational 
week by C-section with no other complications. His weight 
was 4,060 g (1.35 SDS), and his height was 52 cm (0.7 SDS) 
at delivery. He gained almost 1.5 kg per month as scaled on 
periodic examinations. He was admitted to our clinic when he 
was 7 months old, when his height and weight were measured 
as 74.2 cm (1.64 SDS), and 13.6 kg (4.07 SDS), respectively, 
and that weight-for-height was 4.25 SDS. His neuro-motor 
development was normal, and he showed no distinct facial or 
body features, making the possibility of a genetic syndrome 
less likely. Biochemical assessments showed no abnormalities 
in metabolic, thyroid, adrenal, or pituitary hormones. Hepatic 
ultrasound reported 2 centimeters of growth of the liver at the 
age of four months, which was within normal limits. During 
the first year of life, his weight reached 17 kg (4.22 SDS). He 
is still under yearly follow-up. 

Whole Exome Sequencing Results

Quality metrics and filtering results achieved by WES 
are displayed in Table 1. WES analysis revealed four 
heterozygous variants in genes previously associated with 
obesity, which are detailed in Table 2. All variants were 
evaluated as novel candidates for obesity, except for the 
one found in PDE11A, which was previously associated 
with obesity cases having high blood pressure (27). These 
candidate variants confirmed paternal inheritance in family 
segregation as shown in Figure 2. 

Discussion

Obesity is a multifactorial disorder that is influenced 
by factors such as irregular energy balance, genetic 
predisposition, a sedentary lifestyle, and socioeconomic 
status (28). Obesity has become an epidemic and is 
increasingly observed, especially among pediatric cases, 
where genetic predisposition and environmental factors 
lead to obesity persisting into and through adulthood (6,29). 
Therefore, clinical follow-up to detect postnatal accelerated 
growth in the first two years of life, which is recognized as 
a critical period for the development of childhood obesity, 
may be important in the prevention of obesity and its 
disparities in adulthood (3,13,30). Ta
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In this study, we focused on the possible genetic cause of 
excess weight gain in an obese infant, who was exclusively 
breastfed. Paternal inheritance was suspected according to 
the family history, as his father and paternal grandparents 
were obese from childhood. Results obtained from WES 
analysis of the index identified four candidate genes that 
might be responsible for obesity in the members of this 
family. Among these candidates, two of them are stop-
gained, while others are missense variations, as shown in 
Table 2. Paternal inheritance was confirmed for all these 
variants through family segregation.

The Src homology 2B adaptor protein 1 (SH2B1) p.(Gly10Arg) 
(rs775528324) novel missense variant was found in the 
heterozygous state in HP028 and HP030. This gene is 
involved in body weight regulation as a signaling molecule 
downstream of the leptin receptor. Disruptions in SH2B1 
were reported to cause anomalies in the digestive system 
and growth abnormalities, in addition to severe early-onset 
obesity-insulin resistance syndrome (2). Studies uncovered 
the causative effects of structural variants or SNPs in this 
gene as directly associated with increased BMI and severe 
early-onset obesity (17). According to in vitro functional 
experiments, SH2B1 has multiple isoforms expressed in a 
variety of cells in the body. The SH2B1β isoform is mainly 
expressed in the hypothalamus, where body weight is 
regulated, and it also interacts with the leptin signaling 
pathway (31). SH2B1 enhances insulin- and leptin-induced 
insulin receptor substrate 2 phosphorylation and growth 

hormone-induced cell motility (32). Despite the many 
causative variants in SH2B1 linked to obesity to date, the 
Gly10Arg variant is described for the first time herein. We 
suggest that this variant is one of the candidates that might 
be involved in the obesity phenotype in this family, with high 
scores gathered from in silico predictions for evolutionary 
conservation by GERP (4.46), and for deleteriousness  by 
CADD (23.30) combined. 

In HP028 and HP030, the p.(Arg307Ter) rs76308115 stop-
gained variant was detected in the phosphodiesterase 11A 
(PDE11A) gene, a member of the phosphodiesterase (PDE) 
family of genes. It is a null variant previously associated with 
obesity that causes loss of function (LOF) and the variant’s 
pathogenicity is predicted to be very strong by in silico 
tools. Along with the Arg307Ter variant (MAF<0.004), eight 
more pathogenic null variants in this gene were reported in 
ClinVar. A GERP score of 5.47 indicates a high conservation 
pattern for the Arg307 position. PDEs mediate cyclic-AMP 
(cAMP) degradation to AMP in the cAMP-dependent protein 
kinase (PKA) signaling pathway, which is involved in the 
regulation of energy balance through adipogenesis and 
lipogenesis (33,34). Thus, dysregulation of this pathway 
has been linked to obesity. Ohlsson et al. (27) previously 
described the role of PDE11A Arg307Ter variant in elevated 
blood pressure, high BMI, abdominal obesity, and the risk 
of ischemic stroke, in the Swedish population. Moreover, 
the Arg307Ter variant has been found in patients diagnosed 
with pigmented nodular adrenocortical disease and Cushing 
syndrome, in which obesity can be observed as a component 
(35,36). Nevertheless, functional validation of this variant is 
necessary to delineate its role in obesity pathogenicity.

The Adenylate cyclase 3 (ADCY3) p.(Ser511Leu) (rs139407103) 
variant is a novel missense splice-site variant. The impact of 
this change was reported by Human Splicing Finder (HSF 
Pro v3.1, Genomnis SAS Company), a splice site predictor 
tool as a significant alteration of exonic splicing enhancer/
exonic splicing silencer motifs ratio. The variant was found 
to be heterozygous in HP028, while being homozygous in 
HP030 and HP031. This gene is known to be associated 
with obesity and BMI Quantitative Trait Locus 19 (BMIQ19), 
which consists of hyperlipidemia, hyperglyceridemia, and 
insulin resistance. Adenylate cyclase has a crucial role in the 
cAMP-dependent PKA signaling pathway by facilitating the 
production of cAMP from ATP (37). SNPs in the ADCY3 gene 
are strongly associated with obesity (38) and it was shown 
that selective removal of Adcy3 from the hypothalamus 
of a mouse led to evident body fat mass gain (39). Saeed 
et al. (40) suggested that recessive deleterious mutations 
in ADCY3 caused monogenic severe obesity, using their 
data obtained from genetic and functional studies. It 

Figure 2. Confirmation of candidate variants by Sanger 
sequencing and family segregation analysis. Chromatograms 
of candidate genetic variants are shown in all available family 
members. Genetic changes are marked with triangles
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was determined that deep RNA sequencing among 
homozygous and heterozygous carriers of an ADCY3 splice-
site variation caused severe and intermediate decrement 
in RNA expression levels, respectively (41). Variations 
causing splice site disruptions may initiate exon skipping 
or intron retention, which in turn might impair ADCY3 
function through generating different isoforms. Therefore, 
the impact of the novel Ser511Leu splice-site variant on 
both RNA expression and novel isoform generation merits 
further evaluation.

The Calpain-10 (CAPN10) p.(Cys28Ter) stop-gained novel 
variant was confirmed in HP028, HP030 and HP031. It is a 
null variant with LOF effects with extremely low frequency 
in the gnomAD population databases (MAF=0.0000), 
which has not previously been reported in ClinVar. Diabetes 
mellitus, insulin-stimulated glucose uptake, dyslipidemia, 
adipose tissue disorders, and excess weight gain are known 
to be associated with CAPN10. Functional studies suggest 
that Calpain-10 is involved in the regulation of glucose 
homeostasis by participating in the remodeling of the 
cytoskeleton and catalyzing the translocation of GLUT4 
(42). Polymorphisms in this gene were found to play roles 
in the thermogenesis and beta (3)-adrenoceptor function 
of obese individuals by reducing lipolytic sensitivity (43). 
The previously identified C-allele of SNP-44 in CAPN10 
was associated with elevated BMI and obesity, especially 
in the Chinese population and Turkish T2DM patients 
(44,45). While particular SNPs were found to regulate 
lipid metabolism, and lipogenesis in adipocytes, hence 
contributing to obesity (46), other SNPs were associated 
with lower BMI rates, particularly in Japanese populations 
(47). Prior knowledge of this gene concerning obesity along 
with predictions of LOF by in silico tools strongly suggests 
a role of this variant in the onset of obesity in this family. 
The results have confirmed the paternal inheritance of 
all potentially deleterious obesity-related variants. As the 
functional significance of most of these variants is not fully 
elucidated, it is presumed that the cumulative effect of 
these individual SNPs might explain the obesity phenotype 
observed in this family. Therefore, bearing in mind the 
father’s (HP030) excess weight gain starting in childhood and 
the paternal inheritance of obesity-related genetic variants 
detected in this family, genetic counseling was provided to 
the index (HP028). In this respect, HP028 was predicted to 
be at increased risk for later obesity, so he should be under 
regular follow-up accordingly. 

Prenatal and perinatal (fetal and early postnatal) influences, 
such as maternal age and eating habits, the existence of 
maternal metabolic disorders, intrauterine malnourishment, 
and even maternal smoking addictions were reported 

to interact markedly with infant adiposity. Thus, in the 
intrauterine period, the presence of gestational diabetes 
mellitus, and insufficient intrauterine nourishment were 
reported to be causative factors in obesity development 
(5,48,49). However, interviews with the mother (HP029) 
informed us of the absence of all these pre- and perinatal 
risk factors. Her BMI was in normal range (BMI: 22.7 kg/
m2) during and after pregnancy, and her weight gain 
during pregnancy was within acceptable limits. She did not 
manifest any metabolic disorders that appeared before, 
during, or after her labor, nor did she smoke. Hence, we 
believe that intrauterine risk factors can be excluded for 
this infant. In terms of postnatal influences, the infant 
was exclusively breastfed, the fact behind the rationale for 
this study focusing on delineating genetic components of 
obesity. However, interviews with the parents revealed that 
they followed a sedentary life, in which their high BMI and 
resistance to losing weight could probably have resulted 
from a combined effect of both lifestyle and the genetic 
variants they were found to carry. 

Study Limitations

Our study is limited since it lacks functional validations, 
but nevertheless provides some novel, potentially obesity-
related genetic variants. So, despite the limitation of small 
sample size due to inclusion of a single family, the power of 
detecting rare pathogenic variants, as a result of decreased 
gene pool, is important in identifying the genetic aspects 
of complex disorders. Therefore, by investigating a family 
at high-risk for obesity, we have been able to identify novel 
genetic variants that have the potential to be the causative 
variants in this family. However, these suggestions need to 
be validated, both functionally and by independent cohort 
studies, in order to assign definite roles to these variants in 
the pathogenesis of obesity. 

Conclusion

Obesity is a complex disorder that involves both genetic 
and environmental risk factors. Herein, we described three 
generations of a family having an obese infant, who was 
exclusively breastfed, suggesting a genetic background for 
his phenotype and hence the rationale for the study. The 
clinical and genetic analyses revealed a paternal inheritance 
of obesity-related variants that may have influenced the 
condition in this baby. However, the family was advised 
about the need to exercise regularly in addition to adapting 
a healthy and balanced diet, due to the complex nature of 
obesity. Moreover, with the identified genetic risks factors, 
the infant will undergo regular follow-up assessments to 
prevent potential health issues. This proactive approach 
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aims to enable early interventions and personalized care 
strategies, thereby promoting the child’s long-term well-
being and development.
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Abstract
Objective: Delayed puberty is thought to be common in boys with Duchenne muscular dystrophy (DMD) treated with long term 
oral glucocorticoid. The aim of this study was to report the frequency of delayed puberty in DMD from examination by a paediatric 
endocrinologist alongside detailed endocrine investigations.
Methods: All boys with DMD aged at least 14 years in January 2022 known to the paediatric neuromuscular service (2016-2022) were 
included. Delayed puberty was defined based on testicular volume and genital staging in comparison to a published puberty nomogram. 
Results: Twenty-four out of 37 boys (65%) had evidence of delayed puberty and 23/24 (96%) were on glucocorticoid therapy, all of 
whom were on daily glucocorticoid. However, 7/13 (54%) with normal timing of puberty were on glucocorticoid; 2/7 (29%) were on 
the intermittent regimen. Of those who were on daily glucocorticoid therapy at the time of assessment of puberty, 23/28 (82%) had 
evidence of delayed puberty. In boys with delayed puberty, endocrine investigations showed low luteinizing hormone with undetectable 
testosterone levels, a pre-pubertal response with lutenizing hormone releasing hormone test and sub-optimal testosterone levels with 
prolonged human chorionic gonadotropin stimulation.
Conclusion: The frequency of delayed puberty in boys with DMD was 65%. Eighty-two percent of adolescent boys with DMD on 
daily glucocorticoid had evidence of delayed puberty. Biochemical investigations point to functional central hypogonadism in these 
adolescents. Our data supports the routine monitoring of puberty in boys with DMD. 
Keywords: Delayed puberty, hypogonadism, glucocorticoid, deflazacort, prednisolone

What this study adds?
Based on clinical assessments conducted by a paediatric endocrinologist, delayed puberty was observed in a striking 82% of boys 
with DMD who were receiving daily glucocorticoids. Our findings underscore the critical importance of implementing regular puberty 
monitoring and managing delayed puberty in adherence to international standards of care. Moreover, these results offer a benchmark 
for evaluating the efficacy of newer treatment strategies designed to mitigate glucocorticoid-related side effects.

What is already known on this topic?
Delayed puberty represents a documented clinical outcome associated with the prolonged administration of glucocorticoids in adolescents 
with Duchenne muscular dystrophy (DMD). Nevertheless, there exists a dearth of comprehensive data regarding the prevalence and 
severity of delayed puberty in individuals affected by DMD.
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Introduction

Duchenne muscular dystrophy (DMD) is a rare, X-linked 
muscular dystrophy affecting approximately 1 in 3500 
boys due to a mutation in the dystrophin gene. Despite 
advances in research in DMD, there is currently still no 
curative therapy for people with DMD (1). Long-term oral 
glucocorticoid is accepted worldwide as disease modifying 
therapy and has been a standard of care for over two decades 
(2). Glucocorticoid is generally initiated between 4-7 years 
and continued indefinitely into adulthood with proven 
benefits on skeletal muscle and cardiorespiratory outcomes 
and may also play a role in reducing early mortality (3). 
The most common glucocorticoid regimens used worldwide 
are daily deflazacort, daily prednisolone and intermittent 
(10-days on/off) prednisolone. A recent international 
clinical trial confirmed the results of previous studies and 
smaller clinical trials, demonstrating the superiority of daily 
glucocorticoid (deflazacort and prednisolone) on skeletal 
muscle outcomes following three years of therapy compared 
with 10-days on/off prednisolone (4). However, published 
studies also demonstrate a higher glucocorticoid side effect 
burden in those treated with daily glucocorticoid, especially 
for endocrine consequences, such as growth failure, weight 
gain and bone fragility (5,6). Further information on the 
side effects of glucocorticoid in DMD is of great benefit for 
families to understand the risk versus benefits of long-term 
treatment. 

Another known consequence of long-term glucocorticoid 
is its impact on pubertal development (7,8). Delayed 
puberty can contribute to the psychological distress in 
these adolescents who are already markedly different from 
their peers due to the short stature, obesity and cushingoid 
features, in addition to the physical limitations. Fragility 
fractures are also very common with clinical fractures 
reported in at least 50% of glucocorticoid treated boys by 
the age of 11 years (9). With progression of normal puberty 
in healthy adolescents, bone accrual increases by about 
40% (10). Therefore, delayed puberty in DMD is postulated 
to be an additional insult to the skeleton. However, there are 
very limited studies on pubertal delay in boys with DMD. 

The aim of this study was to report on the frequency of 
delayed puberty in our whole clinic cohort of boys with 
DMD as evaluated by clinical examination by a paediatric 
endocrinologist and biochemical assessments of the 
hypothalamic-pituitary-gonadal axis. 

Methods

Patients

Since January 2016, all boys with DMD who were at least 13 
years of age managed in the paediatric neuromuscular clinic 

in the Royal Hospital for Children, Glasgow were referred to 
the paediatric endocrine clinic for assessment of puberty, 
if not already known to the endocrine service. All eligible 
adolescents were reviewed in the paediatric endocrine 
clinic. Thirty-eight boys were aged 14 years or older in 
January 2022 and had examination of puberty at least 
twice. One boy was excluded due to a concurrent diagnosis 
of neurofibromatosis type-1 with optic glioma where early 
puberty can occur. A total of 37 boys are included in this 
report.

Pubertal Assessment

Assessment of puberty was performed by a single paediatric 
endocrinologist, which included clinical evaluation 
of testicular volume and genitalia stage (11). Pubertal 
assessment was performed when the young person was 
recumbent, where possible. Based on testicular volume 
and genitalia stage in comparison with a published puberty 
nomogram, each boy was classified as having evidence 
of delayed puberty [<-2.0 standard deviation (SD) below 
the mean for age] or “normal” timing of puberty (12). We 
used this method of classification rather than the traditional 
definition of delayed puberty (testicular volume <4 mL 
by 14 years) as not all boys were reviewed exactly at 14 
years of age. For boys who were treated with testosterone 
therapy, clinical examination prior to initiation of therapy 
was used for purposes of classification. For boys who did 
not receive testosterone therapy, either the latest clinical 
examination or when testicular volume was first noted to be 
<4 mL was used for purposes of classification. For boys with 
bilateral impalpable testes, testicular ultrasound volume 
in comparison with published paediatric reference data 
was used for classification, with boys classified as having 
evidence of delayed puberty if testicular ultrasound volume 
was <-2.0 SD below the mean for age (13). For boys with 
single testis or bilateral testes that were impalpable on 
two occasions despite attempts to milk into the scrotum, 
testicular ultrasound was performed.

Biochemical Evaluation of Testicular Function

Blood samples were performed which included non-timed 
luteinizing hormone (LH), follicle stimulating hormone (FSH) 
and testosterone in accordance with the 2018 international 
standards of care for DMD (2). Blood samples were mostly 
conducted in the morning (but not necessarily at 9 am) 
coinciding with clinical review. Testosterone was measured 
using liquid chromatography-tandem mass spectrometry 
via the Xevo TQS tandem mass spectrometer (Waters 
Corporation, Milford, MA, USA) with an assay sensitivity of 
0.5 nmol/L. Plasma samples were extracted using Biotage 
supported liquid extraction, automated on the CTC PAL 
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(MicroLiter Analytical Supplies Inc, Suwanne, Georgia, USA), 
followed by ultra-performance liquid chromatographic 
separation. For this, assay sensitivity was 0.1 nmol/L and 
the intra- and inter-assay CV for this assay was <8%. FSH 
and LH were measured by two-step chemiluminescent 
microparticle immunoassay on the Abbott Architect (Abbott 
Laboratories, IL, USA). The functional sensitivities were 
0.2 mU/L and the intra – and inter-assay coefficients were 
<5%. 

Luteinizing Hormone Releasing Hormone and Prolonged Human 
Chorionic Gonadotrophin Stimulation

Between 2016 and 2017, boys with DMD with delayed 
puberty underwent evaluation of the hypothalamic-pituitary-
testicular axis which included LH releasing hormone 
(LHRH) stimulation test and prolonged human chorionic 
gonadotrophin (HCG) stimulation test (to evaluate the ability 
of the Leydig cells of the testes to produce testosterone). 
These were carried out prior to consideration of testosterone 
as part of clinical care to guide the duration of testosterone 
therapy in boys with DMD based on published report 
suggesting that the combined LHRH and prolonged HCG test 
may discriminate patients with central hypogonadism and 
self-limiting delayed puberty (14). In addition, the prolonged 
HCG test has also been used to attempt to facilitate testicular 
descent in boys with inguinal testes. 

Prior to adminisation of gonadorelin 100 microgam 
intravenously, blood samples for LH and FSH levels were 
obtained at 9 am and repeated at 30 and 60 minutes. 
Prolonged HCG was performed as previously described (15). 
Intramuscular injection of HCG 1500 IU was administered 
with blood samples collected at baseline and at day 4. Two 
further HCG injections were administered each week in the 
following two weeks with the final blood sample collected 
on day 22. From 2018, investigations prior to consideration 
of testosterone therapy were performed in accordance with 
the 2018 international standards of care for DMD, which did 
not include LHRH and prolonged HCG stimulation tests (2).

Radiographs: Bone Age and Lateral Thoracolumbar Spine 
Radiographs for Vertebral Fracture Assessment

Bone age was calculated using the automated BoneExpert 
3.0 software (Visiana, Denmark) in accordance with the 
Tanner-Whitehouse TW2 method (16,17). Annual lateral 
thoracolumbar spine radiographs have been performed 
since 2015, and information on vertebral fracture was 
based on clinical radiological reports by consultant 
paediatric radiologists. For purposes of this report, lateral 
spine imaging within six months of evaluation of puberty 
was used.

Conduct of Study and Consent

This report was conducted as a service evaluation and 
clinical audit against the 2018 international standards of 
care for DMD in the area of monitoring and management 
of puberty (2). All investigations were performed as part of 
routine clinical care, and anonymised data was collected. 
Formal ethical approval and written informed consent was 
not required in line with regulations laid out by the United 
Kingdom National Health Service Health Research Authority 
(18). This evaluation of service was conducted in accordance 
with the principles outlined in the Declaration of Helsinki. 

Statistical Analysis

Continuous data is presented as median (minimum and 
maximum). Discrete variables are reported as frequency in 
percentages [with 95% confidence intervals (CI)]. Patients 
were divided into groups based on the presence or absence 
of delayed puberty for the purpose of comparison based 
on the puberty nomogram. Delayed puberty was defined 
as <-2 SD score as previously defined (12). Comparison 
of continuous variables between the group with delayed 
puberty and normal timing of puberty was performed 
using the Mann-Whitney test. Comparison of categorical 
outcomes between the two groups was performed using the 
Fisher’s exact test. A p<0.05 was accepted as statistically 
significant. Statistics were performed using IBM Statistical 
Package for the Social Sciences statistics, version 29 (IBM 
Inc., Armonk, NY, USA).

Results

Based on testicular volume in comparison to the puberty 
nomogram on clinical examination or testicular ultrasound 
and genital staging in comparison to the puberty nomogram, 
24/37 (65%; 95% CI: 48% to 80%) had evidence of delayed 
puberty (12). 

Clinical Status

Table 1 shows the clinical characteristics of boys with 
delayed puberty and those with normal timing of puberty 
at the time of assessment of puberty. Median age of the 
24 boys with delayed puberty was 14.3 years (13.6, 16.7) 
at assessment of puberty. Median age of the 13 boys with 
normal timing of puberty was 14.0 years (11.8, 16.8). 

At assessment of puberty, 29% with delayed puberty were 
still ambulant whereas this was only noted in 8% of those 
with normal timing of puberty (p=0.216). Eight percent in 
the delayed puberty group required assisted ventilation with 
nocturnal bilevel positive airway pressure (biPAP) due to an 
obstructive picture. On the other hand, 15% of those with 
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normal timing of puberty were on nocturnal biPAP, all due 
to due to neuromuscular weakness (p=0.601). Only one 
boy in the delayed puberty group had signficiant scoliosis 
(defined as Cobbs angle >20 degrees or had required 
surgery), whereas this was noted in 39% of those with no 
evidence of delayed puberty (p=0.014) (19). Sixty-seven 
percent in the delayed puberty group had evidence of 
vertebral fracture, whereas this was only noted in 23% of 
those with normal timing of puberty (p=0.017). Ninety-six 
percent (23/24) in the delayed puberty group were still alive 
in January 2022, whereas this was noted in 77% (10/13) of 
those with normal timing of puberty (p=0.115). 

Glucocorticoid Therapy

In the group with delayed puberty, 23/24 (96%) boys were 
on glucocorticoid, all of whom were on daily glucocorticoid 
(Table 1). nineteen/twenty three (83%) were on daily 
deflazacort with 4/23 (17%) on daily prednisolone. One 
boy had discontinued glucocorticoid in the previous four 
years. In contrast, 7/13 (54%) boys with normal timing 
of puberty were on glucocorticoid, 5 of whom were on 
daily glucocorticoid. Of these seven 3 (43%) were on daily 
deflazacort, 2 (29%) were on daily prednisolone and 2 (29%) 
were on intermittent (10 days on/10 days off prednisolone). 
Six of the thirteen boys (46%) with normal timing of puberty 
were not on glucocorticoid at assessment of puberty, having 
discontinued glucocorticoid for a median of 2.9 (1.0, 6.8) 
years. The percentage of boys on glucocorticoid at time of 
assessment of puberty was significantly higher in the group 
with delayed puberty compared with the group with normal 
timing of puberty (96% vs 54%, p=0.004). 

Glucocorticoid Dosing

In the group with delayed puberty and who were on 
glucocorticoid, median dose of glucocorticoid was 0.24 
(0.13, 0.67) mg/kg/day in prednisolone equivalent (Table 
1). Of those who were on glucocorticoid in the group with 
normal timing of puberty, median dose of glucocorticoid 
was 0.26 (0.08, 0.57) mg/kg/day in prednisolone equivalent. 
In the group with delayed puberty, median duration of 
glucocorticoid exposure was 9.3 (4.0, 11.5) years whereas 
median glucocorticoid exposure was 7.0 (3.7, 7.3) years 
in the group with normal timing of puberty (p=0.002). In 
the group with delayed puberty, 7/23 (30%) were on daily 
glucocorticoid since initiation whilst the others (16/23 
- 70%) were previously on the 10 days on/10 days off 
regimen. In the group with normal timing of puberty, 2/5 
(40%) were on daily glucocorticoid since initiation whilst 
the others (3/5, 60%) were previously on the 10 days on/10 
days off regimen. Median duration of exposure to daily 
glucocorticoid was 5.2 (0.8, 10.0) years in the boys with 
delayed puberty whereas median duration of exposure to 
daily glucocorticoid was 4.0 (3.7, 6.0) years in the boys with 
normal timing of puberty (p=0.07). 

Delayed Puberty in Boys on Daily Glucocorticoid and 10 Days 
on/10 Days Off Glucocorticoid

Of the 28 on daily glucocorticoid at the time of assessment 
of puberty, 23 (82%; 95% CI: 63% to 94%) had evidence of 
delayed puberty. Neither of the two boys on 10 days on/10 
days off glucocorticoid at time of assessment of puberty 
had evidence of delayed puberty. The percentage of boys 
on daily glucocorticoid was significantly higher in the group 

Table 1. Clinical characteristics in boys with delayed puberty and those with normal timing of puberty

Delayed puberty (n=24) Normal timing of puberty (n=13) p value

Age (years) 14.3 (13.6, 16.7) 14.0 (11.8, 16.8) 0.07

Ambulant 7/24 (29%) 1/13 (8%) 0.216

On oral glucocorticoid
Daily glucocorticoid
- Daily deflazacort
- Daily prednisolone
10 day on/10 days off prednisolone

23/24 (96%)
23/23 (100%)
19/23 (83%)
4/23 (17%)
0/23

7/13 (54%)
5/7 (71%)
3/7 (43%)
2/7 (29%)
2/7 (29%)

0.004*
0.048*
0.06
0.60
0.048*

Duration of glucocorticoid therapy (years) 9.3 (4.0, 11.5) 7.0 (3.7, 7.3) 0.002*

Duration of daily glucocorticoid therapy (years) 5.2 (0.8, 10.0) 4.0 (3.7, 6.0) 0.07

Dose of glucocorticoid in prednisolone equivalent 
(mg/kg/day)

0.24 (0.13, 0.67) 0.26 (0.08, 0.57) 0.61

Severe scoliosisa 1/24 (4%) 5/13 (39%) 0.014*

Vertebral fracturesb 16/24 (67%) 3/13 (23%) 0.017*

Bone age (years) 10.7 (6.6, 14.9) 13.3 (9.4, 17.1) 0.046*
aSevere scoliosis is defined as Cobbs angle >20 degrees and/or if required surgery; bVertebral fracture is diagnosed by lateral thoracolumbar spine radiographs within 6 
months of assessment of puberty.
Data expressed as median (range)
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with delayed puberty compared with the group with normal 
timing of puberty (100% vs. 71%, p=0.048).

Delayed Puberty in Boys on Daily Deflazacort and Daily 
Prednisolone

Of the 21 boys on daily deflazacort, 19 (91%; 95% CI: 70% 
to 99%) had evidence of delayed puberty (Table 1). Of the 6 
boys on daily prednisolone, 4 (67%; 95% CI: 22% to 96%) 
had evidence of delayed puberty. 

Pubertal Assessment in Boys with Delayed Puberty

Twenty-two of the 24 boys (88%) with delayed puberty had 
testicular volume <4 mL (combined testicular volume <8 
mL). Sixteen of these 21 (76%) were aged 14 years or older. 
Two out of the 24 boys (8%) in the delayed puberty group 
had clinical signs of puberty with genitalia stage 2, pubic 
hair stage 2, testicular volume 4 mL (combined testicular 
volume 8 mL) at 15.6 and 16.7 years, respectively, but 
were classified as having delayed puberty in accordance to 
the definition adopted for this study based on the puberty 
nomogram (12). Three boys (13%) with delayed puberty 
had bilateral testes or single testis in a non-scrotal location: 
bilateral inguinal testes (n=2), and left inguinal testis 
(n=1). There was no past history of neonatal and childhood 
undescended testes or family history of undescended 
testes. Twenty three out of the 24 boys were initiated on 
testosterone therapy at a median of 14.3 (13.6, 16.7) years in 
line with the 2018 international standards of care (2). All 23 
boys were initiated on an escalating regime of testosterone 
therapy in accordance with the British Society of Paediatric 
Endocrinology and Diabetes testosterone replacement 
therapy guidance (20). Twelve boys were treated with 
intramuscular testosterone, eight with topical testosterone 
and three with oral testosterone. A total of six of the 23 boys 
were initiated on testosterone <14 years at a median age of 
13.7 (13.6, 13.8) years, all of whom were pre-pubertal in line 
with the current 2018 international standards of care which 
state that testosterone can be considered from the age of 
12 years (2). One boy with delayed puberty was not treated 
as the decision was made to discontinue glucocorticoid 
treatment when delayed puberty was identified on clinical 
examination. 

Pubertal Assessment in Boys with Normal Timing of Puberty

In the group with normal timing of puberty (median age 
14.0 years), 9/13 boys (69%) were in early to mid-puberty: 
genitalia stage 2 or 3 and testicular volume of 4-10 mL 
(combined testicular volume 8-20 mL), whereas four others 
were in late puberty: genitalia stage 4 or 5 and testicular 
volume of 12-20 mL (combined testicular volume 24-40 

mL). Median testicular volume was 6 (4, 20) mL with median 
combined testicular volume of 12 mL. All boys in this group 
had bilateral testes in the scrotum on clinical examination. 
In ten boys, follow-up clinical examination of puberty was 
available at a median of 15.8 (14.0, 18.8) years. All ten boys 
showed further progression of puberty. Seven out of 10 
achieved adult external virilisation for genitalia and pubic 
hair staging (i.e. genitalia stage 5, pubic hair stage 5) at 
follow-up examination. At follow-up examination, median 
testicular volume for the ten boys was 15 (8, 20) mL with 
median combined testicular volume of 30 mL. Of the seven 
who reached adult external virilization at follow-up clinical 
examination of puberty, all had testicular volume of at least 
15 mL.

Endocrine Investigations

Twenty boys in the delayed puberty group and ten boys 
in the normal timing of puberty group has LH, FSH and 
testosterone measured within six months of clinical 
evaluation of puberty. Nineteen out of 20 (95%) boys with 
delayed puberty had undetectable LH levels (<0.2 U/L) with 
one boy in this group with a measurable LH of 0.4 IU/L. 
All 10 boys with normal timing of puberty had detectable 
LH level with a median of 0.8 (0.2, 4.2) IU/L. There was 
a significant difference between the proportion of boys 
with undetectable LH in the group with delayed puberty 
and normal timing of puberty (p<0.0001). Median FSH 
in the boys with delayed puberty was 1.1 (0.2, 4.2) IU/L 
whereas this was 3.0 IU/L in the group with normal timing 
of puberty (p=0.03). All 20 boys with delayed puberty had 
undetectable testosterone levels (<0.5 nmol/L), whereas all 
10 in the group with normal timing of puberty had detectable 
testosterone levels at a median of 2.4 (0.6, 13.4) nmol/L. 
There was a significant difference between the proportion 
of boys with undetectable testosterone in the group with 
delayed puberty and normal timing of puberty (p<0.0001).

Six boys with delayed puberty had LHRH stimulation 
test and prolonged HCG test and results are presented in 
Figure 1. All boys had an undetectable LH level at baseline 
which rose to a median peak of 1.4 (0.7, 4.4) IU/L. Peak 
FSH level was higher than peak LH level in all six boys. All 
had undetectable testosterone levels at baseline of HCG test 
which rose to a median of 3.0 (1.5, 5.3) nmol/L on day 4. 
Three out of the six had testosterone levels >3.5 nmol/L at 
day 4. By day 22, 4/6 had undetectable testosterone levels. 
The fourth boy had testosterone level of 2.3 nmol/L at day 
4 and 0.5 nmol/L at day 22. The sixth boy had testosterone 
level of 3.6 nmol/L at day 4 and 5.6 nmol/L at day 22. In 
both the boys with bilateral inguinal testes, prolonged HCG 
stimulation did not lead to testicular descent. 
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Discussion

This current report identified that delayed puberty was 
noted in about 65% (upper limit of 95% CI of 80%) of 
our entire cohort of boys with DMD and in 82% (upper 
limit of 95% CI of 94%) of those on daily glucocorticoid. 
Our results provide strong supportive evidence for routine 
monitoring of puberty, as recommended by the 2018 
international standards of care (2). Our results and methods 
for classification of delayed puberty could be used to study 
the impact of newer treatment strategies in DMD and 
pubertal delay, especially those that may be postulated to 
have less glucocorticoid-associated side effects. Our study 
also identified abnormal testes location in a small number 
of boys but only in the group with delayed puberty (13%). 
The reasons for this are unclear but could point to a state 
of functional central hypogonadism although further studies 
are needed.

Current published studies show that 50-97% of adolescents 
with DMD are pre-pubertal (9,21,22). However, some of 

these studies included younger boys (5-9 years) where onset 
of puberty is not expected (21,22). Information on puberty 
in one study was from self-assessment, which has never 
been validated in this group of boys (22). Our previous 
retrospective report focusing on fractures in boys with DMD 
in all neuromuscular centres in Scotland managed up to 
December 2015 identified that 79% (11/14) of adolescents 
aged 14 years or older had evidenced of delayed puberty 
(9). However, in that previous report, only 48% (14/29) of 
eligible boys aged 14 years or older had examination of 
puberty following referral to paediatric endocrinology due 
to clinical concerns. In our present study, we report puberty 
in the whole cohort of boys with DMD from the clinic in 
Glasgow following a clinical pathway of routine assessment 
of puberty during adolescence since 2016, thereby allowing 
information on frequency of delayed puberty (65%) in the 
neuromuscular clinic in Glasgow. 

The impact of glucocorticoid regimen on pubertal 
development in DMD has not been previously evaluated. 
Published evidence shows that skeletal morbidity, growth 

Figure 1. LHRH and prolonged HCG stimulation test in six boys with DMD. a) LH response to LHRH stimulation test. b) FSH response 
to LHRH stimulation test. c) Testosterone response to prolonged HCG stimulation test

LHRH stimulation test: A peak LH <5 IU/L to LHRH stimulation and peak FSH > peak LH denotes a pre-pubertal response. 

HCG stimulation test: Testosterone levels >3.5 nmol/L at day 4 and >9.5 nmol/L at day 22 denotes normal testosterone production.

LHRH: luteinizing hormone-releasing hormone, HCG: human chorionic gonadotrophin, DMD: Duchenne muscular dystrophy, LH: luteinizing 
hormone, FSH: follicle stimulation hormone
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failure and weight gain are more common in boys with 
DMD treated with daily glucocorticoid in comparison 
with those on intermittent therapy (5,6). Our study shows 
the significant side-effect toxicity of daily glucocorticoid 
on pubertal development as just over 80% of boys with 
delayed puberty were on daily glucocorticoid therapy, 
whereas all on 10 days on/10 days off glucocorticoid had 
no evidence of delayed puberty. Of note, a report in four 
boys with DMD managed with daily prednisolone for the 
first two weeks followed by alternate day prednisolone for 
three years, before changing to alternate day deflazacort 
reported delayed puberty (23). Thus, larger studies on the 
impact of intermittent glucocorticoid regimen and puberty 
are needed. Other factors, such as glucocorticoid type, dose 
and duration of glucocorticoid treatment may also impact 
on puberty. Whilst our results show that 91% of boys on 
daily deflazacort had delayed puberty in comparison to 
67% of boys on daily prednisolone, the proportionately 
larger number of boys on daily deflazacort in our study 
do not allow us to make firm conclusions, hence this also 
warrants further study.

The underlying endocrine abnormalitiy of the hypothalamic-
pituitary-gonadal axis in adolescents with chronic conditions 
on long-term glucocorticoid is speculated to be due to a 
functional state of hypothalamic (central) hypogonadism 
(8,24). Our endocrine investigations provide supportive 
evidence of that in DMD. LH levels were suppressed (or 
low) in those with delayed puberty. LH response to LHRH 
stimulation indicated no evidence of activation of the 
hypothalamic-pituitary-gonadal axis and was associated 
with undetectable or low testosterone levels. In our report, 
with prolonged HCG stimulation, 3/6 (50%) had testosterone 
levels of >3.5 nmol/L at day 4 but none had testosterone 
level >9.5 nmol/L at day 22. Previous publications have 
defined testosterone level of >3.5 nmol/L at day 4 and 
>9.5 nmol/L at day 22, following HCG stimulation as an 
acceptable response (25). It is known that testosterone 
response to HCG stimulation can be poor in people with 
central hypogonadism (26). Five out of the six boys (83%) 
in our report had testosterone levels which were lower at 
day 22 than day 4 including four boys with undetectable 
testosterone levels at day 22. Previous reports using the same 
protocol of HCG stimulation in children with undescended 
testes showed that 2/16 (13%) and 2/12 (17%) had lower 
testosterone levels at day 22 than day 4 levels although all 
these children in the two previous reports still had detectable 
level of testosterone at day 22 (25,27). We speculate that 
the pattern of testosterone levels with prolonged HCG could 
be due to an abnormality of testosterone production due to 
prolonged gluccorticoid exposure.

Study Limitations

There are limitations to our current study which include 
the relatively small sample size. Due to the heterogeneity 
of glucocorticoid treatment, we are unable to conclusively 
clarify issues like glucocorticoid regimen, dose and type 
and their impact on delayed puberty. Future studies are 
needed including a larger group of boys on intermittent 
glucocorticoid regimen. Future studies should also address 
pubertal progression in boys with DMD in a standardized 
research study with regular timing of longitudinal 
assessments. Nevertheless, our study is the largest report 
of pubertal delay in adolescents with DMD with complete 
case ascertainment of all eligible boys in our neuromuscular 
clinic.

Conclusion

In summary, we report a high frequency of delayed puberty 
in adolescent boys with DMD, especially in those on daily 
glucocorticoid. Therefore routine examination of puberty 
from late childhood in boys with DMD should be mandatory, 
in line with the 2018 international standards of care (2).
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What is already known on this topic?
Secondary osteoporosis is a condition when the underlying disease or its treatment causes the bone mass to decrease and the bone 
structure to deteriorate, increasing the risk of fracture. The importance of diagnosis and treatment during childhood and adolescence is 
due to the long-term negative effects.

What this study adds?
Secondary osteoporosis is common in children, mostly in chronic inflammatory diseases. Vertebral involvement is common in 
patients with secondary osteoporosis, even in the absence of a history of significant fracture at the time of diagnosis. The efficacy of 
bisphosphonate therapy has been demonstrated in patients with secondary osteoporosis with and without a history of steroid drug use.

Abstract
Objective: Secondary osteoporosis is a condition when the underlying disease or its treatment causes the bone mass to decrease and 
the bone structure to deteriorate, increasing the risk of fracture. The importance of diagnosis and treatment during childhood and 
adolescence is due to the long-term negative effects. In this study, our objectives were to determine the diagnostic findings, treatment 
efficacy, and follow-up characteristics of children with secondary osteoporosis.
Methods: Patients diagnosed with secondary osteoporosis between January 2000 and January 2021 were included. The research was 
a cross-sectional and descriptive study. Study participants had to be under 18 years of age when the primary underlying disease was 
diagnosed and had received treatment for secondary osteoporosis. Patient data were collected from patient files. Statistical analysis was 
performed using Statistical Package for the Social Sciences, version 20.0 (IBM Corp, Armonk, NY, USA).
Results: Sixty-one patients (28 female; 45.9%) were evaluated. The most common underlying primary diseases were inflammatory 
diseases (57.7%), neuromuscular diseases (26.2%), immunodeficiency (13.1%), acute lymphoblastic leukemia (8.2%), metabolic 
diseases (8.2%), solid organ transplantation (8.2%), bone marrow transplantation (6.6%) and epilepsy (6.6%). The mean±standard 
deviation chronological age when secondary osteoporosis was diagnosed was 11.89±4.88 years. Patients were evaluated for osteoporosis 
at a mean of 6.39±5.13 years after the onset of the underlying primary chronic diseases. Most (78.7%) had a history of one or more 
chronic drug use, including systemic steroids (59%), chemotherapeutics (23%), immunomodulatory drugs (19.7%), antiepileptic drugs 
(8.2%), inhaled steroids (4.9%), intravenous immunoglobulin (1.6%), and antituberculosis drugs 1.6%.Bone pain was detected in 
49.2%. All patients had vertebral fractures before treatment. Bisphosphonate treatment was given to 45 (73.8%). There was a significant 
increase in mean bone mineral density (BMD) and bone mineral content six months after treatment (both p<0.001). There was a 
significant increase in BMD Z-score values for chronological and height age (both p<0.001). Overall mean BMD values increased by 

Address for Correspondence: Emine Kübra Şen MD, Ankara University Faculty of Medicine, Department of 
Pediatric Endocrinology, Ankara, Turkey
E-mail: eminekubrasen@gmail.com ORCID: orcid.org/0000-0003-0633-2850

Cite this article as: Şen EK, Berberoğlu M, Şenyazar G, Kızılcan Çetin S, Ceran A, Erişen Karaca S, Özsu E, Aycan Z, Şıklar Z. Assessment of the Admission 
and Follow-up Characteristics of Children Diagnosed with Secondary Osteoporosis. J Clin Res Pediatr Endocrinol. 2024;16(4):466-474

Conflict of interest: None declared
Received: 18.04.2024
Accepted: 28.06.2024

Epub: 02.07.2024
Publication date: 04.12.2024

https://orcid.org/0000-0003-0633-2850
https://orcid.org/0000-0003-3102-0242
https://orcid.org/0000-0003-1313-9426
https://orcid.org/0000-0001-7397-3071
https://orcid.org/0000-0002-3869-1340
https://orcid.org/0000-0002-8899-8412
https://orcid.org/0000-0002-3459-5781
https://orcid.org/0000-0003-4584-2976
https://orcid.org/0000-0003-0921-2694


Şen EK et al.
Admission and Follow-up of Children Diagnosed with Secondary Osteoporosis

J Clin Res Pediatr Endocrinol
2024;16(4):466-474

467

Introduction

Osteoporosis is closely associated with a higher risk of 
fracture due to a reduction in bone mass and degradation 
of the microarchitecture of the bone (1). A significant 
proportion of maximum bone mass is achieved during 
childhood and adolescence. Childhood is thus a significant 
period for bone health and the development of a strong 
musculoskeletal system. To prevent long-term deformities, 
maintain bone health and improve quality of life, it is critical 
to identify, diagnose, treat, and manage individuals at risk 
of developing osteoporosis in this period (2).

When one or more vertebral fractures occur in children and 
adolescents without the presence of high-energy trauma, 
local disease, or a history of severe fractures with low bone 
density, it is considered osteoporosis (3). Osteoporosis can be 
divided into primary and secondary osteoporosis. Primary 
osteoporosis is caused by intrinsic skeletal problems, 
such as abnormalities in collagen, bone production, or 
bone mineralization. It can also be inherited. Otherwise, 
chronic drug usage or an underlying primary disease 
can result in secondary osteoporosis. Diseases leading to 
secondary osteoporosis in children can be grouped into 
neuromuscular diseases, endocrine disorders, metabolic 
diseases, chronic inflammatory diseases, and iatrogenic 
causes (4). Often, a clinical focus on the underlying primary 
disease and its treatment can lead to bone health being 
overlooked. Deterioration of bone health leads to fractures 
and immobilization and makes managing the patient more 
difficult. Some patients may be evaluated for osteoporosis 
only when a fracture develops (5).

In the treatment of osteoporosis, determination and 
treatment for the underlying causes are gaining importance. 
In terms of the osteoporosis, treatment aims are to reduce 
bone pain, increase bone mass, reduce the risk of fractures, 
and increase patient mobility. Bisphosphonates, synthetic 
pyrophosphate analogs that bind to osteoclasts, inhibiting 
function and promoting osteoclast apoptosis, are frequently 
used in treatment. There is limited information and studies 
on the dosage and duration of use of bisphosphonates in 
children, especially in secondary osteoporosis (6).

In this study, the aim was to determine the diagnostic 
findings in childhood secondary osteoporosis, to assess 
morbidities such as fractures and immobilization, to 
determine follow-up characteristics, and to investigate the 
efficacy of bisphosphonate treatments.

Methods

Patients diagnosed with secondary osteoporosis between 
January 2000 and January 2021 were included in the study. 
The study was retrospective, cross-sectional and descriptive. 
The protocol was approved by the Ethics Committee of 
Ankara University (approval number: İ7-441-20, date: 
13.08.2020).

The underlying disease was defined as the “primary 
disease”. Inclusion criteria were: aged <18 years at 
diagnosis of primary disease; currently being followed up in 
our clinic; the presence of one or more vertebral fractures 
in the absence of local disease or high-energy trauma; bone 
mineral density (BMD) Z-score ≤-2.0 on dual energy X-ray 
absorptiometry (DEXA) measurements; two or more long 
bone fractures by age ten years; three or more long bone 
fractures by age 19 years; and had a history of conditions 
that carry a risk of osteoporosis including chronic use of 
drugs known to affect bone metabolism, diseases that 
cause immobilization, or other diseases that may affect 
bone metabolism, such as some hormonal deficiencies or 
anorexia nervosa.

Exclusion criteria were: BMD Z-score above -2 and long 
bone fractures; BMD Z-score above -2 and no vertebral 
fractures; no history of chronic systemic disease and/or 
drug use; and those with a genetic or clinical diagnosis of 
primary osteoporosis.

Patient data were extracted from hospital patient files. 
Demographic data, underlying primary diseases and their 
characteristics, duration of immobilization, if any, chronic 
drug use, coexistence of additional endocrine diseases, 
presence and duration of bone pain, bone fracture 
characteristics and nutritional status were recorded. Patients 
were followed up regularly every six months. During physical 
examination, anthropometric characteristics and pubertal 

31.15% with treatment. Following bisphosphonate treatment, there was a significant reduction in both fracture number and bone pain 
(p<0.01). Similar benefits from bisphosphonate treatment were evident in those who did or did not receive steroid treatment.
Conclusion: Secondary osteoporosis is a condition that is influenced by many factors, such as the primary disease causing osteoporosis 
and chronic medication use, especially steroids. If left untreated, osteoporosis may lead to clinically important morbidity (bone pain, 
fractures, immobilization) and reduced linear growth of bone. When used to treat childhood secondary osteoporosis, bisphosphonates 
significantly improve BMD and reduced fracture risk.
Keywords: Childhood, secondary osteoporosis, bisphosphonate
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stages of the patients were evaluated. In anthropometric 
evaluation, body weight, height, height standard deviation 
(SD) score (SDS), body mass index (BMI), and BMI% were 
recorded and evaluated according to national reference 
data (7).

Bone metabolism markers, including serum calcium (Ca), 
phosphorus (P), parathyroid hormone (PTH), 25-hydroxy 
vitamin D [25(OH)D], urinary Ca excretion, and additional 
biochemical measurements, if any, were analyzed in the 
pre-and post-treatment laboratory data of patients. Vitamin 
D deficiency was diagnosed when the serum 25(OH)D level 
was below 20 ng/mL (8).

DEXA (Hologic Explorer N/S91724, Software version 
13.3.0.1) was used to measure lumbar (L1-4) vertebral 
BMD. BMD, bone mineral content (BMC), bone surface area, 
and Z-score were calculated according to normal reference 
values (9). Lateral vertebral radiographs were examined 
by pediatric radiologists and pediatric endocrinologists. 
Vertebral fractures were evaluated according to the Genant 
Classification (10). DEXA measurements were performed 
before treatment, at the sixth month of treatment and 
during the follow-up period at 6 month intervals. The last 
measurements of BMD were also recorded. 

Characteristics of bisphosphonate treatment dose and 
duration were analyzed. Patients were treated with 
bisphosphonate therapy and pamidronate, zoledronic 
asid, or alendronate were all used during the study period. 
Different bisphosphonate options were chosen according 
to the current approaches to osteoporosis treatment, drug 
availability, and the patient’s treatment preference after 
diagnosis of secondary osteoporosis over the 20 year study 
period. Pamidronate was administered at a dose of 1 mg/kg/
day intravenously on three consecutive days and repeated 
every three months. Zoledronic acid was administered 
intravenously at a dose of 0.05 mg/kg every six months and 
alendronate was given orally at a dose of 70 mg/week. Ca 
supplementation was given for 14 days following treatment. 
Oral elemental Ca 25-50 mg/kg/day was given. The dose was 
adjusted according to blood Ca level. Patients with vitamin 
D deficiency were given vitamin D3 at a treatment dose of 
2000 IU/day for at least six weeks. Maintenance treatment 
was given at a dose of 400-1000 IU/day depending on the 
blood 25(OH)D3 levels (8).

Statistical Analysis

Statistical Package for the Social Sciences, version 20 was 
used for statistical analysis (IBM Corp, Armonk, NY, USA). 
Descriptive statistics include mean, SD, median, minimum 
and maximum for continuous data, and count and 
percentage values are given for discrete data. The Shapiro-

Wilk test was used to examine the conformity of the data to 
normal distribution. In comparing pre- and post-treatment 
laboratory values, BMD, BMI, and BMD Z-score values, the 
paired samples t-test was used for the data conforming to 
normal distribution and the Wilcoxon test was used for 
non-parametric data sets. The McNemar test was used for 
pre-treatment and post-treatment comparisons of nominal 
variables. Chi-square and Fisher’s exact test were used 
for group comparisons of nominal variables (in cross-
tabulation). A p<0.05 was accepted as indicating statistical 
significance.

Results

The study included 61 patients (28 female; 45.9%). The 
most common underlying primary disease in patients with 
secondary osteoporosis was chronic inflammatory diseases 
(Table 1). The mean chronological age at the time of 
diagnosis of secondary osteoporosis was 11.89±4.88 years 
and patients were evaluated for osteoporosis at a mean 
of 6.39±5.13 years after the onset of underlying primary 
chronic diseases. At the time of diagnosis of secondary 
osteoporosis, the median height SDS (minimum-maximum 
height SDS) value was -1.64 (-9.60-1.80) and 23 (37.7%) 
had a height SDS below -2 SD and thus short stature. At the 
time of diagnosis, 54.1% were prepubertal (Table 2). 

Chronic use of one or more drugs was present in 78.7%. 
These chronically taken drugs included systemic steroids 
(59%), chemotherapeutics (23%), immunomodulatory 
agents (19.7%), antiepileptic drugs (8.2%), inhaled 
steroids (4.9%), intravenous (iv) immunoglobulin (1.6%), 
and antituberculosis drugs (1.6%). Replacement therapies 
amongst patients included testosterone (1.6%), L-thyroxine 
(3.3%), estrogen (1.6%), and growth hormone (1.6%).

Bone pain was reported by 49.2%, and of these, 37.7% had 
low back pain. All patients had vertebral fractures before 
treatment (n=61). Non-traumatic long bone fractures 
were present in 12.8% of the patients. The femur was 

Table 1. Primary disease diagnoses of patients with secondary 
osteoporosis

n %

Chronic inflammatory disease 34 55.7

Neuromuscular disease 16 26.2

Immunodeficiency 8 13.1

Acute lymphoblastic leukemia 5 8.2

Metabolic disease 5 8.2

Solid organ transplantation 5 8.2

Bone marrow transplantation 4 6.6

Epilepsy 4 6.6



Şen EK et al.
Admission and Follow-up of Children Diagnosed with Secondary Osteoporosis

J Clin Res Pediatr Endocrinol
2024;16(4):466-474

469

the most commonly fractured long bone (7.9%). Before 
endocrinological evaluation, the number of long bone 
fractures per year was 1 in 15.8% and 2 in 7.9% of cases.

The mean BMD of the cases included in the study was 
0.47±0.16 g/cm2, and the BMD Z-score according to 
chronological age was -3.62±1.16. Total BMC was 
19.76±10.51 g, and the mean BMD Z-score for height and 
age was -2.77±1.63.

When the 25(OH)D3 levels of the cases were evaluated at 
the time of secondary osteoporosis diagnosis, the serum 
vitamin D level of 30 (49.1%) was below 20 ng/mL, and 
then vitamin D replacement was started. However, at the 
first six-month follow up after bisphosphonates, 17 (27.8%) 
had persistent serum vitamin D levels below 20 mg/mL 
despite vitamin D replacement.

Of the 61 patients, 45 (73%) received bisphosphonate 
treatment, and an additional two patients were referred to 
a different center for treatment. Sixteen patients who were 
diagnosed with secondary osteoporosis but did not attend 
follow-up or did not have regular follow-ups did not receive 
treatment. Patients received biphosphonates, such as 
zoledronic asid, pamidronate, or alendronate. The minimum 
duration of bisphosphonate treatment was 6 months and 
maximum 4 years (mean 1.2 years, median 1 year). Thirty-
one patients (71%) received zoledronic acid treatment 
with the mean duration of 0.83±0.45 years. Alendronate 

treatment was administered to five patients (11.6%) 
for an mean of 1.00±0.61 years. Ten patients (23.3%) 
received pamidronate treatment with a mean duration of 
1.65±1.08 years. One patient received alendronate and 
then pamidronate. Furthermore, two patients received 
pamidronate and then zoledronic acid.

With bisphosphonate treatment, there was an increase of 
0.111±0.09 g/cm2 in the mean total BMD after six months 
of treatment (p<0.001). Moreover BMD Z-scores increased 
six months after start of treatment (p<0.001) (Figure 1). 
There was no difference between the mean area of L1-
L4 vertebrae before and after treatment (Table 3). When 
the total BMD values of the patients before and after the 
last bisphosphonate treatment (mean treatment duration 
1.10±0.89 years) were compared, a mean increase of 
0.169±0.116 g/cm2 was found (p<0.001) with a mean 
increase of 31.15±30.48% in the BMD values after six 
months of biphosphonate treatment compared to before 
treatment. However, there was no difference between the 
height SDS, BMI and BMI% of patients with secondary 
osteoporosis who received treatment before and six months 
after treatment. Pubertal progression was observed in eight 
patients. In only one case (2.3%), side effects were noted 
during bisphosphonate treatment. In this case, fever was 
recorded as an adverse effect approximately two hours after 
iv Zoledronic acid infusion.

There was a significant difference in reported bone pain 
and observed fracture rates before and after treatment with 
bisphosphanates (p<0.001). Of the 27 patients with bone 
pain before treatment, the pain dissolved after treatment in 
20 (74.1%). In 14 of 43 (32.5%) patients who had fractures 
before treatment, no fracture was detected after 6 months 
of treatment (p<0.05). Only 1 of 32 (3.1%) patients without 
fracture had a non-traumatic fracture after treatment. Of 
note, no patients had long bone fractures after treatment. 

Table 2. Findings of patients diagnosed with secondary 
osteoporosis at the time of admission

Mean±SD Median (min-max)

Age (years) 11.89±4.88 11.6 (1.6-23)

Height SDS -1.78±2.19 -1.64 (-9.60-1.80)

BMI 17.91±4.56 17 (11-28)

BMI% 94.24±24.86 90 (61-180)

Pubertal status at admission
Prepubertal 
Pubertal

n
33
28

%
54.1
45.9

Chronic drug use
1.	 Systemic steroid 
2.	 Chemotherapetics
3.	 Immunomodulatory agent 
4.	 Antiepileptic 
5.	 Inhaled steroids 
6.	 L-tyroxine
7.	 IVIG 
8.	 Antituberculosis drugs 
9.	 Testosterone
10.	Estrogen 
11.	Growth hormone 

n
48
36
14
12
5
3
2
1
1
1
1

%
78.7
25
23
19.7
8.2
4.9
3.3
1.6
1.6
1.6
1.6

Bone pain 29 49

Vertebral fractures 61 100

SD: standard deviation, BMI: body mass index, min-max: minimum-maximum, 
IVIG: intravenous immunoglobulin

Figure 1. Median values of BMD Z-score of treated patients 
before treatment, six months after treatment and after the last 
treatment

BMD: bone mineral density
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Thoracic and lumbar vertebral involvement significantly 
improved with treatment (p<0.01). Of 26 patients with 
thoracic vertebrae pathology, improvement was seen 
in 11 (42.3%) patients with bisphosphonate treatment. 
Improvement in vertebral morphology (increase in 
vertebral BMD and height, reshaping of vertebral fractures) 
was seen in all cases with lumbar vertebral involvement 
(n=19). There was no difference in the presence of 
scoliosis before and after treatment (p>0.05). Serum Ca, 

P, alkaline phosphatase (ALP), vitamin D, and PTH levels 
did not differ between before and after biphosphonates 
(p>0.05) (Table 3). Serum electrolytes were measured 4 
hours, 24 hours and 1 week after the end of treatment. 
Hypocalcemia was not detected.

Cases with and without a history of steroids use were 
compared in terms of their response to bisphosphonate 
treatment (Table 4). There was an increase of 0.114±0.086 
g/cm2 in the mean total BMD after the first six months of 

Table 3. Clinical and laboratory values of patients diagnosed with secondary osteoporosis before bisphosphonate treatment, 
and at the sixth month of treatment 

Before treatment Sixth month after treatment Test statistics p value

Mean±SD
Median (min-max)

Mean±SD
Median (min-max)

Height SDS -2.01±2.28
-1.72 [(-9.60)-1.80]

-1.93±2.11
-1.70 [(-8)-1.80]

Z=-0.369 0.712

BMI 17.47±4.51
16 (11-28)

17.52±4.59
17 (10-29)

Z=-0.557 0.577

BMI% 92.62±21.97
90 (61-150)

92.88±23.02
89 (58-150)

Z=-0.142 0.887

ALP (U/L) 204.35±166.84
176.5 (26-978)

209.03±178.40
183.5 (32-1004)

Z=-0.020 0.984

25(OH)D (µg/L) 25.74±21.91
21.5 (3.6-118)

24.02±13.57
23.5 (1-67)

Z=-0.077 0.939

PTH (pg/mL) 57.34±68.80
36.5 (7-396)

53.14±40.97
41.2 (6-202)

Z=-1.117 0.264

Total BMD (gr/cm2) 0.422±0.153
0.385 (0.165-0.830)

0.533±0165
0.510 (0.298-0.884)

t=-7.157 <0.001

Total BMC (gr) 16.90±10.18
14.88 (0.33-42.30)

21.33±10.50
19.00 (5.90-44.19)

Z=-4.766 <0.001

L1-L4 area (cm2) 35.36±9.77
33.00 (17.95-60)

36.96±9.51
37.27 (14.5-60)

t=-1.401 0.170

BMD Z-score -3.88±1.28
-3.60 [-6.80-(-0.96)]

-2.33±1.56
-2.30 [-6.20-(-0.67)]

Z=-4.825 <0.001

BMD Z-score by height -3.19±1.75
-3.12 [(-5.80)-3]

-1.55±1.75
-1.76 [(-6.20)-3.30]

Z=-4.685 <0.001

SDS: standard deviation score, BMI: body mass index, min-max: minimum-maximum, IVIG: intravenous immunoglobulin, BMD: bone mineral density, BMC: bone mineral 
content, ALP: alkaline phosphatase, PTH: parathyroid hormone, 25(OH)D: 25-hydroxy vitamin D, SD: standard deviation

Table 4. Comparison of the patients with history of chronic steroid use and those without before bisphosphonate treatment, at 
the sixth month of treatment, and at their last follow-up

Patients using chronic steroids Other patients

Before 
treatment

Sixth month 
after treatment

After latest 
treatment

Before 
treatment

Sixth month 
after treatment

After latest 
treatment

Age* (year) 11.1±5.2 11.7±5.3 11.9±5.8 10.7±4.4 11.2±4.4 11.5±4.6

Height SDS* -1.74±2.3 -1.72±1.9 -1.70±1.9 -2±2.3 -2±4.4 -1.3±2.6

BMI* 17.6±4.4 18.2±4.4 18±4.3 16.8±4.1 18.3±5.5 18.4±5.2

BMI%* 95±25 91.8±22.2 92.9±21.6 88.8±24 97.4±28.9 96.4±24.3

Bone pain (%) 76 28 20 40 20 20

Bone fracture (%) 100 40 28 100 60 50

Total BMC* (g) 17.9±9.5 21.8±10.2 24.2±11.3 15.8±9.3 19.5±10 21.2±10

Total BMD* (g/cm2) 0.422±0.159 0.530±0.163 0.592±0.179 0.394±0.154 0.482±0.154 0.536±0.183

Total area* (cm2) 36.4±9.6 37.5±10.2 38.4±10.9 37±9.6 37.1±7.6 38.4±8.5

*Mean±SD for the analyzed parameters.
SDS: standard deviation score, BMI: body mass index, BMD: bone mineral density, BMC: bone mineral content
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bisphosphonate treatment in patients with chronic steroid 
use (p<0.001). An additional 0.05±0.118 g/cm2 increase 
in BMD (p<0.05) was seen between this time point and 
the median last examination (1 year). Similar increases 
in BMD were seen in those not given steroid treatment 
(0.087±0.052 g/cm2 in first six months and 0.053±0.086 
g/cm2 up to the last examination; p<0.001). There was no 
significant difference (p>0.05) between the percentage 
change in total BMD values of patients on or not on steroids 
but chronically taking other drugs (Table 5).

Discussion

In this study, the diagnostic features and response to 
bisphosphonate therapy was evaluated in a large group of 
children and adolescents with secondary osteoporosis over 
a twenty year period. The most common type of underlying 
primary disease in patients with secondary osteoporosis 
was chronic inflammatory diseases. Chronic medications, 
most frequently steroids, were used in most of the patients. 

The mean age of patients diagnosed with osteoporosis was 
11.89 years. Similar ages were reported in the literature. 
In a study by Inoue et al. (11) 39 patients with secondary 
osteoporosis were analyzed and the mean age at diagnosis 
of secondary osteoporosis was 12 years. Zacharin et al. 
(12) reported that the mean age at diagnosis of secondary 
osteoporosis was 10.1 years in their series of patients with 
Duchenne muscular dystrophy. 

Almost one-third of our cases had short stature at the 
time of diagnosis. The duration and severity of chronic 
systemic diseases and the use of drugs that affect growth, 
especially steroids, are factors that are known to cause 
growth retardation. DEXA measurements in bone give 
areal measurement only and not volumetric values. DEXA 
measures a three-dimensional object in two dimensions 
spatially, and thus bone size affects the measurement 
result. So, they may give lower measurement results in 
short children than in children of normal height of the same 
age (13). Thus, we would like to stress that short stature 
should be assessed in cases with chronic disease and that 
evaluations should be adjusted accordingly.

​Since the primary diseases examined in the present study 
and in earlier reports differ between centers, the age at 
diagnosis and the duration of development of osteoporosis 
after the primary disease may differ (14,15). Variables 
affecting this include the place/country where the centers 
are located, population differences and the clinical 
experience of the center (16,17). In our cohort, cases with 
secondary osteoporosis were referred to our pediatric 
endocrinology department fairly late after the diagnosis 
of the primary disease (6.39±5.13 years). This suggests 
that there may be little awareness that bone health can be 
affected during various primary diseases, and secondary 
osteoporosis may be diagnosed late. Moreover, that the 
mean age of first fracture was 6.63±4.31 years actually 
emphasizes the delay in diagnosing osteoporosis despite the 
early fracture. Evaluation of osteoporosis in patients with 
chronic diseases before fractures develop is important in 
terms of minimizing morbidity. Focusing only on long bone 
fractures may delay diagnosis of secondary osteoporosis. 
In chronically ill patients who are at risk of secondary 
osteoporosis, risk factors should be investigated and lateral 
vertebral radiography may be justified, even in the absence 
of long bone fracture. We recommend that clinicians who 
follow chronically ill pediatric patients should evaluate them 
for osteoporosis with lateral vertebral radiography.

The most common type of primary disease was chronic 
inflammatory diseases, followed by neuromuscular 
diseases. Factors such as increased osteoclastic activity as 
a result of increased cytokines in chronic inflammatory 
diseases, disruption of the mechanostat mechanism in 
neuromuscular diseases, increased immobilization, steroids 
used in their treatment, anticonvulsant treatment and 
malnutrition may lead to the development of secondary 
osteoporosis (1,12). Clinicians should not neglect careful 
evaluation in terms of bone health, especially in the follow-up 
of this group of diseases. In addition to the primary disease, 
several drugs may also play a role in the development of 
osteoporosis. Most of the patients were on one or more 
chronic medications. Long-term steroid use is normal in the 
management of these diseases and 63.9% of our cohort had 
a history of systemic and/or inhaled steroid use. However, 
the characteristics of the cases with secondary osteoporosis 

Table 5. Comparison of percent change in total BMD between steroid-treated patients and other patients

Steroid Other Test statistics p value

Mean±SD
Median (min-max)

Mean±SD
Median (min-max)

Total BMD percentage change 19.77±9.95
20.14 (6.49-39.33)

37.09±35.76
27.27 (-9.80-111.51)

U=109.0 0.327

SD: standard deviation, min-max: minimum-maximum, BMD: bone mineral density
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in the present study and in the literature may differ as well 
as exhibiting similarities. This is because factors, such as 
the heterogeneity of the patients’ primary diseases, the 
demographics of study populations, the nature of the drugs 
used, and the different duration of drug use affect the results 
of the studies (18,19).

Vitamin D deficiency was detected in very nearly half of 
our cohort. Although replacement was given in cases 
with deficiency, vitamin D was still low in more than half 
(17/30) of these cases at the end of the six months follow-
up. Optimal levels of vitamin D are crucial for maintaining 
bone health (20). Focusing on underlying problems may 
lead to neglect of checking vitamin D levels and thus failing 
to treat the deficiency, if any. Care should be taken to bring 
vitamin D levels to normal limits in chronically ill patients, 
to avoid having an avoidable negative effect on bone health. 
In patients with secondary osteoporosis, treatment of the 
etiology, if possible, will also prevent the negative effect 
on bone metabolism. If etiologic factors persist, it would 
be appropriate to evaluate bone health, eliminate vitamin 
D deficiency, and continue long-term follow-up of patients 
with osteoporosis, with appropriate management.

There is no consensus or treatment guideline for the 
treatment of secondary osteoporosis in children. In the 
present study, bisphosphonate treatment was administered 
to 45 patients over a period of 20 years in our clinic. 
Galindo-Zavala et al. (21) recommend zoledronic acid, 
alendronate and pamidronate for the treatment of secondary 
osteoporosis in children. Simm et al. (22) in 2018, treatment 
with either 0.1 mg/kg/year iv zoledronic acid or 9 mg/kg/
year iv pamidronate were recommended for the treatment 
of primary and secondary osteoporosis in children. One 
year after treatment, the patient should be evaluated. 
If bone pain and/or bone fracture are present after this 
evaluation, the BMD Z-score is <-2, and immobilization or 
steroid use continues, bisphosphonate treatment should be 
continued for another year. In the present study, bone pain 
and non-traumatic fracture frequency of patients decreased 
significantly after treatment. The mean total BMD and BMD 
Z-score significantly increased by DEXA assessment after 
bisphosphonate treatment. Celin et al. (23) analyzed 24 
studies investigating the effect of bisphosphonate treatment 
on bone pain and fracture frequency. These authors reported 
that bisphosphonates were used to relieve bone pain caused 
by a wide variety of causes. Twenty of twenty-four studies 
found a benefit of bisphosphonates in relieving bone pain 
due to different pathologies. A notable decrease in bone 
pain was observed following treatment in research by Al-
Agha et al. (24) investigating the safety and effectiveness 
of zoledronic acid therapy in the treatment of secondary 

osteoporosis. In a study by Sees et al. (25) in children with 
cerebral palsy, the frequency of fractures after pamidronate 
treatment for osteoporosis was evaluated. It was reported 
that a significant decrease in the fracture rate was detected 
after treatment, although the most commonly fractured 
bone before and after treatment was the femur. In the 
study by Allington et al. (26) in which cyclic pamidronate 
treatment was evaluated in secondary osteoporosis, 
including cerebral palsy and other neuromuscular diseases, 
a significant difference was found between the total BMD 
Z-scores of 18 patients examined before and 1 year after 
treatment. Naithani et al. (27) found a significant increase 
in total BMD Z-score values before and after Zoledronic 
acid treatment in 27 patients with osteoporosis secondary 
to beta-thalassemia. Lee et al. (28) showed a significant 
difference between pre-treatment and post-treatment total 
BMD Z-scores with pamidronate treatment of osteoporosis 
secondary to chemoterapy in acute lymphoblastic 
leukemia and non-Hodgkin lymphoma. It has been shown 
that bisphosphonates are beneficial in the treatment of 
secondary osteoporosis and are an effective treatment in 
reducing bone pain and bone fractures, and this finding is 
supported by our study.

It is well known that steroids have negative effects on bone 
metabolism and cause osteoporosis. In the present study, 
when the total BMD parameters of patients using steroids 
and other patients before and six months after treatment 
were compared, it was found that both groups were similarly 
affected at the time of osteoporosis diagnosis. There are 
no published studies in which the pre-treatment and post-
treatment characteristics of secondary osteoporosis patient 
groups with and without chronic steroid use were compared. 
However, studies examining the treatment of patients with 
osteoporosis secondary to chronic steroid use have been 
reported. In a group of pediatric patients with nephrotic 
syndrome who developed osteoporosis secondary to chronic 
steroid use, a significant increase was found in total BMD 
values at the third month after pamidronate treatment (29). 
Ward et al. (30) investigated zoledronic acid treatment in 18 
patients who developed osteoporosis secondary to steroids 
and a significant increase was found in the total BMD of the 
patients at the twelfth month after drug administration.

In the present study, only 1 (2.3%) patient receiving 
bisphosphonate treatment had side effects. The patient’s 
clinical appearance, physical examination findings, and 
fever did not suggest an infectious condition. Furthermore, 
there was no significant difference between pre- and post-
treatment Ca, P, ALP, vitamin D and PTH values. In the 
study by Ooi et al. (31) no significant difference was found 
between serum Ca, P, ALP, and spot urine Ca/creatinine 
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ratio before and 18 months after treatment, and serum 
bone metabolism biomarkers before and after treatment 
were found to be within normal limits, as in our study. In 
a study by Munns et al. (32), hypocalcemia developed in 
74% of patients, fever in 52%, nausea/vomiting in 35%, 
and headache in 17% after zoledronic acid infusion in 63 
patients with osteoporosis. Nosomyant et al. (33) reported 
that flu-like symptoms developed in 7% of patients and 
hypocalcemia developed in 7% of patients after iv infusion of 
zoledronic acid and pamidronate in 123 patients diagnosed 
with osteoporosis. In another study by Högler et al. (34) it 
was reported that influenza-like symptoms were found in 
85% of patients following iv zoledronic acid infusion. One 
of the possible reasons for the low rate of side effects in our 
cohort may be that the side effects of iv bisphosphonate 
treatment may have been either less critical and or not 
recorded because of their primary diseases.

There is no clear recommendation on how long 
bisphosphonates should be used in the treatment of 
osteoporosis in children. Side effects that may occur in 
long-term use of bisphosphonates are not yet known. In 
the pediatric age group, bone tissue is a growing tissue, 
and the hormonal status is different from that of adults. 
Considering these differences, the results of long-term use 
of bisphosphonates in children may be different from those 
in adults. 

Study Limitations

The limitation of our study was the relatively short follow-
up period in our patients treated for osteoporosis and the 
long term of follow-up of these patients is planned. Another 
limitation of our study is the use of different treatment 
protocols in the treatment of secondary osteoporosis during 
the long study period.The strengths of our study are that it 
was a large series of secondary osteoporosis in childhood 
diagnosed in a single center, that the data of patients with 
and without a history of chronic steroid use was compared, 
and that follow-up data at six months after treatment are 
given.

Conclusion

In conclusion, pediatric secondary osteoporosis is a 
condition that is influenced by many factors, such as 
the primary disease causing osteoporosis, and chronic 
medication use, especially steroids. This study also 
highlights that in children with chronic diseases, clinicians 
should evaluate the patient for osteoporosis based on risk 
factors. If left untreated, osteoporosis may lead to essential 
diseases, such as bone pain, bone fractures, immobilization 
and reduced linear growth of bone. It is important that early 

recognition of secondary osteoporosis is made and optimal 
care with vitamin D and Ca intake should be provided. It has 
been shown that bisphosphonates are an effective treatment 
modality in treating childhood secondary osteoporosis 
and reducing the incidence of fractures resulting from 
osteoporosis and these findings are supported by the results 
of the present study.
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Abstract
Temple syndrome is a rare imprinting disorder, caused by alterations in the critical imprinted region 14q32 of chromosome 14. It is 
characterized by pre- and postnatal growth retardation, truncal hypotonia and facial dysmorphism in the neonatal period. We report an 
18-year-old girl with a late diagnosis of Temple syndrome presenting with all typical signs and symptoms including small for gestational 
age at birth, feeding difficulties, muscle hypotonia and delayed developmental milestones, central precocious puberty, truncal obesity 
and reduced growth. The patient is the second reported in the literature with signs of clinical and biochemical hyperandrogenism and 
the first treated with Dehydrocortisone®, with a good response. The clinical diagnosis of this patient was made after long-term follow up 
at a single center for rare endocrine diseases, and a molecular genetics diagnosis of complete hypomethylation of 14q32 chromosome 
imprinting center (DLK/GTL2) was recently established. Growth hormone treatment was not given and although precocious puberty 
was treated in line with standard protocols, her final height remained below the target range. Increased awareness of Temple syndrome 
and timely molecular diagnosis enables improvement of clinical care of these patients as well as prevention of inherent metabolic 
consequences.
Keywords: Temple syndrome, late diagnosis, long-term follow-up

What is already known on this topic?
The presented patient’s history and disease course over more than 18 years are consistent with other reported Temple syndrome 
patients in the literature, regardless of the late diagnosis and childhood follow-up as a suspected other conditions.

What this study adds?
The description of the case shows the significance of multidisciplinary life-long follow-up for the patients with rare endocrine disease. 
Our patient is the only one genetically confirmed in Bulgaria and the second in the world with signs of clinical and biochemical 
hyperandrogenism. This is an intriguing finding that deserves future studies. The article is significant because it follows the trend for 
developing and expansion of the Rare Endocrine Networks all over the world in order to provide specialized multidisciplinary care for 
the rare patients.
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Introduction

We present a case report and long-term follow-up of a 
patient with a late diagnosis of Temple syndrome, to raise 
awareness among clinicians of the importance of timely 
diagnosis of this disease. Although some of the patient’s 
conditions arose during her childhood, and she was treated 
in line with standard protocols, her final outcomes are 
poorer than she might have achieved if her diagnosis had 
been established at an earlier age. The report also highlights 
novel endocrine findings.

Temple syndrome was first described by Temple et al. 
(1) in 1991, who reported a male, aged 18 years, who 
inherited a balanced Robertsonian translocation from his 
mother and as a result had maternal uniparental disomy 
of chromosome 14 (mUPD14). Gillessen-Kaesbach et al. (2) 
published eight patients with clinical features of mUPD14 in 
2008, expanding the phenotype. 

Imprinting defects in Temple syndrome lead to incorrect 
expression of imprinted genes on chromosome 14q32. 
Maternally expressed genes in 14q32, MEG3, RTL1as and 
MEG8, as well as the paternally expressed genes, DLK1 and 
RTL1, are regulated by two differentially methylated regions 
(DMR), both methylated on the paternal and unmethylated 
on the maternal copy (3). Temple et al. (4) reported a patient 
with aberrant loss of paternal methylation at the 14q32 
IG-DMR. A year later, Buiting et al. (5) described three 
patients with similar genetic characteristics who showed 
loss of methylation of the paternal copy of the DLK1-GTL2-
DIO3 domain. It is now established that mUPD14, loss of 
methylation and rare paternal deletions of the locus can 
cause Temple syndrome (6,7). 

Intrauterine growth retardation, low birth weight, early 
neonatal muscular hypotonia, delayed early motor 
milestones and feeding problems are the clinical hallmarks 
of Temple syndrome (ORPHA:254516, OMIM#616222) 
(1,2). Postnatal clinical course is further characterised by 
persisting growth retardation, subtle facial dysmorphism 
(broad forehead and short nose with a wide nasal tip), joint 
hypermobility, small hands and feet, precocious puberty, 
truncal obesity and short stature at adulthood (1,8,9,10). 
Speech delay can be present in infancy to early childhood, 
but verbal capacity usually normalizes in childhood. Some 
patients have intellectual delay, and autism has been 
reported (11,12,13). Patients are prone to late metabolic 
complications, particularly obesity (8,10).

Informed consent for this publication was obtained from 
the patient and the family.

Case Report

We report an 18-year-old girl with Temple syndrome. Our 
patient is the first child of non-consanguineous parents, with 
a family history of short stature (the paternal grandmother) 
without other clinical associations. 

The singleton pregnancy was uneventful. Delivery was 
natural at 38th gestational week, with meconium-stained 
amniotic fluid. Resuscitation was required initially. The girl 
was small for gestational age (SGA) with a birth weight at 
the 2nd percentile (2350 g), birth length at the 25th percentile 
(48 cm) and head circumference at the 10th percentile (34 
cm), (https://www.cdc.gov/growthcharts/clinical_charts.
htm). Truncal hypotonia, poor growth and lack of weight 
gain were noticed in the neonatal and early infant period. 
Nasogastric tube feeding was introduced because of feeding 
difficulties until three months of age. 

At the age of 7 months, Silver-Russell syndrome (SRS) was 
suspected (Table 1), but genetic testing for maternal UPD 7 
and methylation at H19 gave negative results. 

The girl demonstrated motor and speech delay. Her first 
steps were at 18 months and first words at the age of two 
years, with the help of a speech therapist. At the age of 
14 months she had an episode of severe hypoglycaemia 
with generalized seizure. The inability to endure long 
periods of fasting remained until pre-school age. The 
family was educated to recognize, measure and cope with 
hypoglycaemia at home. 

Between birth and six years of age, the patient’s height was 
below the 3rd percentile on the Centers for Disease Control and 
Prevention appropriate for age and sex growth chart. After 
four years of age she started to gain weight and moved from 
the 25th to the 75th weight percentile with no improvement 
in linear growth (Figure 1). At the age of 6 years and 10 
months, because of a further decrease of growth velocity, 
recombinant human growth hormone (rhGH) treatment was 
prescribed under the approved indication of being born SGA 
without postnatal catch-up. During the process of supplying 
the family with rhGH, the patient presented with signs of 
precocious puberty. Over three months, at the age of 7 
years 2 months, she developed thelarche, pubic hair, and 
increased growth velocity. Her bone age accelerated to 9.5 
years by the Greulich and Pyle method. Due to the rapidity 
of pubertal progression luteinizing hormone releasing 
hormone (LHRH) agonist treatment (triptorelin 3.75 mg i.m. 
every 28 days) was started at the age of 7 years 5 months, 
with good compliance. Of note, rhGH was never used. 

The girl was treated until 11 years of age without further 
pubertal progression and with decreased growth velocity, 
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but with continuing rapid weight gain. The discrepancy 
between her short stature and progressive truncal obesity 
increased with time (Figure 1). Prader-Willi syndrome (PWS) 
was suspected at 10 years of age because of the clinical 
overlap in the neonatal period, some of the dysmorphic 
features and most of all, the uncontrollable weight gain 
(Figure 2). However, the methylation test gave a negative 
result for PWS. Facial acne appeared for the first time at the 
age of nine years. 

After LHRH agonist therapy was withdrawn, rapid pubertal 
progression followed, with menarche at 12 years 4 months. 
Elevated 17-hydroxyprogesterone (17-OHP), testosterone, 
and androstendione were detected at the age of 16 years 
10 months in parallel with worsening of acne, complaints 
of oily hair and mild hirsutism (Ferriman-Gallwey score of 
13 out of 36 points). Prednisone was started at a daily dose 
of 5 mg prior to night sleep for six months. An attempt 
was made to reduce prednisone to 2.5 mg/d thereafter but 
because of a worsening of hyperandrogenism the dose was 
again increased to 5.0 mg/d (Table 2). 

The accumulating features and events during the whole 
18-year patient follow-up led to a clinical diagnosis of 
Temple syndrome, which was molecularly confirmed at the 
Wessex Regional Genetic Laboratory, United Kingdom, after 

written informed consent from the patient and the family. 
The patient’s DNA showed complete hypomethylation of 
the DLK1/GLT2 imprinting centre on chromosome 14q32, 
consistent with the diagnosis of Temple syndrome.

After diet and physical activity counseling throughout 
childhood and adolescence, the patient lost weight and is 
now controlling her weight successfully. Her adult height is 
141 cm [-4.76 standard deviation score (SDS)], 5 cm below 
the lower limit of the target range, with current BMI of 
23.6 kg/m2 (0.48 SDS) (Figure 1). The patient’s metabolic 
markers (blood glucose level, insulin level, homeostasis 
model assessment-estimated-insulin resistance, lipids) are 
all within reference range. Facial acne improved with time 
and treatment. Clinical and biochemical hyperandrogenism 
abated and gradual improvement in menstrual regularity 
followed. She is seen every six months because of the 
increased risk of metabolic complications. Transition to 
adult endocrinologists at the same rare endocrine diseases 
expert center is ongoing. 

Discussion 

The presented girl is the first described and confirmed 
Bulgarian patient with Temple syndrome. Her history 
demonstrates the natural history of this condition after 

Table 1. Differential diagnosis - clinical overlap with Silver-Russell and Prader-Willi syndrome, based on Ioannides et al. (8), 
Kagami et al. (10), Wakeling et al. (23), Goldstone et al. (24)

Clinical feature Our patient Silver-Russell 
syndrome (24)

Prader-Willi 
syndrome (23)

Features of Temple 
syndrome, Kagami et al. 
(10) (n=32)

Features of Temple 
syndrome, Ioannides et 
al. (8) (n=51) 

Intrauterine growth retardation + + Mild 84% 75%

Postnatal growth retardation + + + 94% 79%

Delayed early motor milestones + + +  * 83%

Feeding problems + + + 63%  *

Early neonatal hypotonia + - + 68% 93%

Broad forehead + + - 63%  *

Small feet + - + 91% 96%

Obesity + + + 11% 49%

Precocious puberty + + Rarely 76% 86%

Short stature at adulthood + + +  *  *

Diabetes mellitus - + + 11%  *

*: no data

Table 2. Androgen levels and treatment doses of prednisone during follow-up

16 y 10 mo 17 y 1 mo 17 y 7 mo

17-hydroxyprogesterone, ng/mL 9.78 (0.2-1.3) 1.2 (1-4.5) 1.59 (0.2-1.3)

Androstendione, nmol/L (1-11.5) 13.4 6.3 11.5

Testosterone, nmol/L (0-1.38) 2.13 - -

Prednisone 5 mg 2.5 mg 5 mg

y: year, mo: month



Yordanova N et al. 
The First Bulgarian Patient with Temple Syndrome

J Clin Res Pediatr Endocrinol
2024;16(4):475-480

478

careful follow-up over 18 years in a single center, and provides 
insights into the complex growth pattern that is observed in 
the absence of rhGH treatment. To our knowledge, there 
are only two other reports of patients with late diagnosis of 
Temple syndrome, detailing long term follow up of 13 years 
and at 33 years (6,13). Previous testing for two imprinting 
conditions (SRS and PWS) adds to the literature showing 
the clinical similarity between these conditions and 
patients with Temple syndrome, and showing that multi-
locus imprinting investigation is warranted if an imprinting 
disorder is suspected (14).

Clinical features of Temple syndrome are heterogeneous 
and age dependent (15,16). Patients often present with 
some of the features of SRS (17). Kagami et al. (10) showed 
that SRS-like phenotype was present in 20% of patients with 
Temple syndrome, differential diagnosis being particularly 
difficult in infancy (11,18). Genetic confirmation of Temple 
syndrome has been reported among patients previously 
tested for PWS (15,19).

Evidence clearly indicates that Temple syndrome is more 
prevalent than previously recognized (8,10,16). When 

Figure 1. Growth chart (https://www.cdc.gov/growthcharts/clinical_charts.htm)
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clinical findings for SRS and PWS are observed and there is 
no genetic confirmation, Temple syndrome should be the 
next suspected condition.

The final diagnosis, established at the age of 18 years in 
the presented patient, is an important achievement for her. 
Although there is currently no causal treatment for Temple 
syndrome, concomitant features and especially metabolic 
complications can be prevented or treated (13). A failure of 
early diagnosis prevented the patient from accessing rhGH 
treatment under the SGA indication for children without 
postnatal catch-up. However, not all patients with Temple 
syndrome are eligible for rhGH under this indication, because 
their early growth parameters may fall within low normal 
ranges (20). Children who were treated with a median rhGH 
dose of 0.040 mg/kg/day, had a median 1.31 SDS increase 
in height for the first year and increased height velocity of 
5.30 cm/year. They had similar short-term response to rhGH 
as other treated SGA patients (21). An established diagnosis 
of Temple syndrome could facilitate the treatment process, 
and would have led to rhGH treatment of the current patient 
regardless of the difficulties in the supplies at that time. The 
missed opportunity for therapy with rhGH is one of the 
shortcomings in the patient’s management.

As mentioned above, at the age of 16 years the patient 
presented with signs of hyperandrogenism. To the best of our 
knowledge, there is only one published report of a patient 
with Temple syndrome with isolated hypomethylation of 
the 14q32 imprinted DLK1/MEG3 region who had clinical 
signs of hyperandrogenism (6). Our patient’s results 
indicated markedly elevated basal 17-OHP. Although ACTH 
stimulation test was not done, the findings were consistent 
with non-classical congenital adrenal hyperplasia (NCAH). 
According to Nördenstrom and Falhammar, basal 17-OHP 
of above 15 nmol/L (4.7 ng/mL) and/or ACTH-stimulated 
17-OHP of more than 30 nmol/L (9.43 ng/mL), in females 
during the follicular phase of the menstrual cycle, is 
considered to be diagnostic for NCAH (22). For that reason, 
the clinical diagnosis of NCAH was established in our patient 
and therapy with prednisone was prescribed, with good 
response nine months after the start of treatment (Table 2). 
Further genetic testing may be warranted to exclude NCAH. 
Hyperandrogenism may also be a metabolic consequence 
of Temple syndrome that is not yet investigated in patients 
of the appropriate age. 

Patients with Temple syndrome may develop obesity, type 
2 diabetes mellitus, hypercholesterolemia/hyperlipidemia, 
and obstructive sleep apnea (12,13). To date, the patient 
has not shown any of these features, most likely because of 
her current successful weight control. 

Conclusion

The clinical history of this patient over more than 18 years 
of follow up is consistent with other reports of patients with 
Temple syndrome who received late diagnosis after earlier 
clinical investigation for SRS and PWS. The observation 
of adrenal hyperandrogenism is an intriguing finding that 
deserves future study and further investigation. Outcomes 
in Temple syndrome may be improved by aggregation of 
knowledge, development of targeted, multidisciplinary, life-
long care, and education of health professionals to enable 
patients with Temple syndrome to access earlier diagnosis 
and therefore better clinical management. 
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Figure 2. The patient self-taken photograph at 10 years of age
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Introduction

Growth factors are crucial for prenatal growth. Insulin-like 

growth factor-1 (IGF-1), which has structural homology with 

proinsulin, is the main driver of growth during prenatal life 

and acts through IGF-1 receptor (IGF1R). The gene coding 
for IGF1R, IGF1R, is located on the distal part on the long 
arm of the chromosome 15 (15q26.3) (1). In animal models, 
IGF1R null mice exhibited severe growth restriction (45% 
of normal size) and died soon after birth due to lung and 
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Abstract
Insulin-like growth factor-1 (IGF-1) is the main driver of growth during prenatal life and acts through IGF-1 receptor (IGF1R). Patients 
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What is already known on this topic?
Insulin-like growth factor-1 (IGF-1) is the main driver of growth during prenatal life. Patients with IGF-1 receptor (IGF1R) defects 
exhibit variable phenotypic features. The most common symptom is pre- and post-natal growth retardation, followed by microcephaly, 
developmental delay, facial dysmorphism and extremity anomalies. Recombinant human growth hormone (rhGH) has been used in 
patients with IGF1R defects with variable treatment response.

What this study adds?
Long-term rhGH with an early initiation may have more beneficial effects in terms of induction of growth. Regarding the complex 
physiological effects of IGF1, patients should be followed for hormone deficiencies, such as hypogonadism and hypothyroidism. 
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respiratory muscle hypoplasia, ossification was delayed, 
epidermis was underdeveloped and there were central 
nervous system anomalies (2). Since the first description of 
patients with IGF1R mutation who had intrauterine growth 
retardation, poor postnatal growth, developmental delay 
and microcephaly, cumulative evidence has shown that the 
phenotypic characteristics of patients with IGF1R defects 
can vary widely (3,4,5). 15q26 terminal deletions lead to 
contiguous gene syndrome and there is no clear genotype-
phenotype correlation with significant inter- and intra-
familial variability. Homozygous or compound heterozygous 
mutations seem to cause more severe phenotype (3,6,7). 
Endocrine consequences of IGF1R defects other than short 
stature, such as delayed puberty, premature ovarian failure, 
and growth hormone deficiency have been reported very 
rarely (5,8,9,10,11). Central adrenal insufficiency and 
hypothyroidism have not been reported previously.

Recombinant human growth hormone (rhGH) is approved 
by the Food and Drug Administration and the European 
Medicine Agency for treatment of children born small for 
gestational age (SGA). rhGH has been used in patients with 
IGF1R defects with variable treatment response. rhGH may 
be discontinued due to no improvement in growth velocity, 
continued without catch-up growth (3,10,12,13,14,15) or 
result in mild catch-up growth (13,14,16). 

We report a boy with 15q terminal deletion, who presented 
with severe growth retardation, microcephaly, and 
developmental delay who also had delayed puberty and 
central hypothyroidism. We also aim to report the long-term 
results of rhGH therapy.

Case Report

A 10.9-year-old boy was referred for short stature. He was 
born at term to healthy, nonconsanguineous parents with 
a reportedly normal birth weight but his birth length was 
unknown. Maternal and paternal heights were -2.8 standard 
deviation score (SDS) (146.7 cm) and -2.0 SDS (163.7 cm), 
respectively, and midparental height was -2.3 SDS (161.7 cm). 
There was no feeding difficulty during infancy. He was able to 
say his first words and walk at the age of 1.5 and 2.5 years, 
respectively. He had been evaluated at another health center 
for short stature at the age of six years and thyroid hormones, 
growth factors, and celiac antibodies were normal. 

He presented with a height of -5.3 SDS (108.3 cm), a weight 
of -4.9 SDS (18.5 kg), and a head circumference of -4.1 SDS 
(48 cm) at the age of 10.9 years old. He had proportional 
severe short stature with no dysmorphic features, except 
for a triangular face. He was prepubertal. Neurological 
examination was unremarkable, except for mental 

retardation detected in the Wechsler Intelligence Scale for 
Children-Revised test (intelligence quotient 65). Bone age 
determined by the Greulich and Pyle method was five years. 
Total blood count and blood chemistry were normal, as was 
a skeletal survey. In the endocrine work-up, IGF-1 was 240.2 
ng/mL (close to 0 SDS), insulin-like growth factor binding 
protein-3 was 4228.7 ng/mL (0.43 SDS). GH stimulation test 
showed a peak GH response of 10.3 ng/mL. Other pituitary 
hormones, including adrenocorticotropic hormone (ACTH) 
[19.5 pg/mL (normal range 0-46)], cortisol (8.5 µg/dL), 
prolactin [9.3 ng/mL (normal range 2.5-18)], free T4 [1.19 ng/
dL (normal range 0.9-1.7)], and thyroid stimulating hormone 
(TSH) [2.4 uIU/mL (normal range 0.3-4.2)] were normal. He 
had primary nocturnal enuresis and renal ultrasound revealed 
kidney size in the lower range for age.

Karyotype analysis was 46,XY. Genetic analysis for IGF1R 
was performed in Leiden University Medical Centre. 
MLPA analysis of the coding region (exon 1-21) revealed 
heterozygous deletion of the complete IGF1R gene. SNP 
microarray identified a 3.3 Mb terminal deletion on the long 
arm of the chromosome 15 (15q26.3x1) which included 
IGF1R and there was also a terminal duplication with a 
maximum size of 2.6 Mb on the short arm of chromosome 
9 (9p24.3p24.2x3). The terminal 9p duplication and 
the terminal 15q deletion suggest the presence of an 
unbalanced reciprocal translocation between the short arm 
of chromosome 9 and the long arm of chromosome 15. 
MLPA and SNP microarray were normal for chromosome 9 
and 15 in both mother and father. 

At the age of 12.3 years, height was -5.27 SDS (114.2 cm), 
weight -5.4 SDS (19.5 kg) and growth velocity 4.1 cm/year. 
His IGF-1 was 383 mg/dL (0.5 SDS). Daily subcutaneous 
rhGH was started at a dose of 0.21 mg/kg/week (Figure 1) 
and the dose was increased to 0.30 mg/kg/week after three 
months. Treatment was continued for eighteen months. 
During this period his growth velocity was 7.1 cm for the 
first year (height was 121.3 cm, -4.67 SDS), which then 
slowed to 2.2 cm during the next six months. Treatment was 
withdrawn for slow growth velocity. Nine months later, rhGH 
treatment was restarted at a dose of 0.30 mg/kg/week due 
to slow growth rate (2.9 cm in nine months). During rhGH 
therapy, serum IGF-1 levels varied between +1 and +2 SDS. 

At the age of 14.8 years, testes were 6 mL bilaterally 
and increased to 8 mL at the age of 15.7 years, but did 
not progress afterwards. At the age of 16.5 years with an 
observation of delayed puberty [testes volumes 8 mL 
bilaterally, follicle-stimulating hormone (FSH) 5.27 mIU/mL 
(normal range 1.3-19.2), luteinizing hormone (LH) 0.21 mIU/
mL (normal range 1.8-8.6), testosterone 29.4 ng/dL (normal 
range 220-800)] intramuscular testosterone (propionate 30 
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mg, phenylpropionate 60 mg, isocaproat 60 mg, decanoate 
100 mg) was commenced at a dose of 50 mg/monthly. 

At the age of 17.3 years, while he was on rhGH, thyroid 
function tests revealed hypothyroidism [TSH 2.13 uIU/mL, 
(normal range 0.4-5.3) with free T4 0.51 ng/dL, (normal 
range 0.6-1.1)]. Central adrenal insufficiency was also 
diagnosed [ACTH 32.5 pg/mL, peak cortisol during low dose 
ACTH stimulation test was 16.8 µg/dL (N: >18.9)]. Thus, both 
hydrocortisone and levothyroxine were started. On pituitary 
magnetic resonance imaging, the height of the pituitary gland 
was 4.5 mm, and a pars intermedia cyst 2 mm in diameter 
was present on the anterior region of neurohypophysis. 

At the age of 18.8 years, his height was -3.26 SDS (152.9 cm) 
and weight was -3.44 SDS (44.6 kg). His height increased 
0.8 cm in the last 6 months, bone age was 16 years and 
rhGH treatment was withdrawn. After 5.7 years of rhGH 
treatment in two courses, he had a height gain of 2.01 SDS. 
Testis volumes increased to 10 mL bilaterally [FSH 7.1 mIU/
mL (normal range 0.9-11.9), LH 1.5 mIU/mL (normal range 
0.5-12.0), testosterone 152.2 ng/dL (normal range 151-
794) two weeks after the last dose of testosterone], and 
testosterone treatment was withdrawn as well. In addition, 
the hypothalamic-pituitary-adrenal axis was rechecked, the 
peak cortisol response to low dose ACTH test was 18.9 µg/

dL and hydrocortisone was discontinued with instructions for 
stress coverage. At the age of 19.5 years the size of his testes 
and testosterone concentrations had not increased [testes 10 
mL bilaterally, FSH 8.05 mIU/mL (normal range 0.9-11.9), LH 
0.84 mIU/mL (normal range 0.6-12.1), testosterone 156.9 
ng/dL (normal range 47-981)], so testosterone was restarted. 
During the last follow-up when he was 20 years old, height 
was -3.06 SDS (154.8 cm), weight 45 kg (-3.45 SDS), and he 
had not been using levothyroxine for three months. Thyroid 
function test still suggested central hypothyroidism [TSH 
3.8 mIU/mL, (normal range 0.27-4.2); free T4 0.88 ng/dL, 
(normal range 0.93-1.7), and free T3 3.26 ng/L (2-4.4)].

Discussion

We report a boy with IGF1R deletion presenting with severe 
short stature, microcephaly, mental retardation and mild 
dysmorphic features. Growth hormone therapy for a total 
of 5.7 years in two courses improved height velocity, as 
well as final height. Moreover, puberty was arrested and 
eventually he could not complete puberty, suggesting 
partial hypogonadotropic hypogonadism. Hypothyroidism 
developed during GH therapy which may be associated with 
isolated GH deficiency during GH therapy (17). However, 
low T4 levels persisted after cessation of GH therapy and 
thus central hypothyroidism is a likely diagnosis. 

Patients with IGF1R defects exhibit variable phenotypic 
features. The most common symptom is pre- and post-natal 
growth retardation, followed by microcephaly, developmental 
delay, facial dysmorphism and anomalies of the extremities. 
Although birth weight or height below -2 SDS were used as 
the inclusion criteria in studies evaluating IGF1R defects (15), 
patients have shown wide variation in these parameters; birth 
weight between -4.1 and -0.8, birth length -5.8 and -1.0, and 
head circumference -5.7 and 0.8 SDS (3,6,12,14). Patients 
with terminal 15q deletions may exhibit additional features 
involving other organ systems, such as cardiac, genitourinary, 
respiratory, and ocular (7,14) disorders, attributed to defects 
in contiguous genes, some of which may impact growth. 
However, the presented patient had only mild dysmorphic 
features, neurodevelopmental delay, and small-normal 
kidneys without involvement of other major organ systems. 

rhGH therapy has been recommended for patients with 
IGFR1 defects in higher than usual doses to overcome 
receptor resistance (15). Growth promoting effects of rhGH 
is less pronounced in comparison to patients with SGA, 
and response is quite variable among patients with IGF1R 
defects (18). Although the rhGH response in the first year 
is lower than in SGA patients, the constant growth velocity 
in the following years may suggest the importance of 

Figure 1. Growth chart of the patient. The patient had two 
courses of growth hormone therapy. Normative data for boys is 
from the Centers for Disease Control and Prevention

GH: growth hormone
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long-term treatment (18). The dose of rhGH is expected 
to be important, however, Göpel et al. (18) did not find 
any association between dose and treatment response. In 
addition, it has been a matter of debate whether genotype 
influences rhGH treatment response. Walenkamp et al. 
(4) found no difference in 3-year rhGH response between 
twelve patients with mutations and seven with deletions 
who received rhGH therapy at similar ages. Göpel et al. (18) 
reported that the ratio of patients with a good response to 
treatment was higher in carriers of mutations within the 
intracellular part of IGF1R compared to the extracellular 
part. However, it should be emphasized that number of 
patients were limited due to the rarity of IGF1R defects. 

We reviewed 28 patients with IGF1R defects who received 
rhGH (Table 1). Thirteen (46%) had terminal 15q deletions or 
ring chromosome, fourteen (50%) heterozygous mutations, 
and one (4%) compound heterozygous mutation. Sixty-
one percent of patients with terminal 15q deletions or ring 
chromosome, and 35% of patients with IGF1R mutations 
exhibited ≥0.5 SDS increase in height during the first year 
of rhGH. Sixty-nine percent of patients with terminal 15q 
deletions or ring chromosome, and 42% of patients with 
mutations had a height gain of ≥1 SDS based on the last 
evaluation or final height. One of the two patients with the 
worst treatment response had a compound heterozygous 
mutation and the other with 15q26 deletion had hypoplastic 
left heart. Forty-six percent of patients who did not gain 
≥0.5 SDS in the first year of treatment achieved ≥1 SDS with 
prolonged treatment. The presented patient had a height 
gain of 0.6 SDS in the first year of rhGH treatment, and 2.01 
SDS overall with a 5.7 year treatment duration. 

The presence of IGF-1 and IGF-1R has been demonstrated in 
various cells, including the pituitary (19). IGF-1 is a mitogenic 
hormone that induces proliferation and differentiation of 
various cells and participates in physiological regulation. 
IGF-1 is the key modulator of GH action and also participates 
in regulation of the hypothalamo-pituitary-gonad (HPG) 
axis. The expression of GH and IGF1 receptors in the 
elements of HPG axis and reproductive organs has been 
demonstrated in molecular studies. GH and IGF1 participate 
in various stages of maturation of the reproductive axis, 
including intrauterine stages, mini-puberty and onset of 
puberty. Cryptorchidism was reported in two patients with 
IGF1R deletion (7,20). Although contiguous gene syndrome 
cannot be excluded as an etiology of cryptorchidism, 
IGF1R haploinsufficiency could still be the causative 
factor, highlighting intrauterine effects. In vitro animal 
models showed that IGF-1 both induces proliferation of 
gonadotrophs and secretion of gonadotropins (21), which 
underlines the importance of growth factors for induction of 
puberty and its progression. IGF-1 participates in testis and 

ovary function, in terms of Sertoli and granulosa cell survival 
and production of gonadal steroid hormones (22,23). 
Hypergonadotropic hypogonadism was also reported in 
patients with IGF1R defects (5,24). It is interesting that cases 
with IGF1R duplication had azoospermia. These data suggest 
that an intact IGF-1 system is necessary for the maturation 
and maintenance of the reproductive system. The 
presented patient exhibited features of hypogonadotropic 
hypogonadism. Puberty started at the age of 14.8 years, and 
did not progress appropriately, so sex steroid replacement 
was established. Patients with delayed puberty were reported 
previously with IGF1R defects, but none of them required 
sex steroids since puberty progressed spontaneously (8,9). 

One of the consequences of rhGH therapy is alteration of 
thyroid hormones. GH induces the activity of deiodinase, 
probably type 2, thus free T4 level may decrease and free T3 
level may increase during rhGH therapy. TSH concentration 
is not expected to increase in the face of increased free 
T3. Thus rhGH therapy can either mimic or unmask 
central hypothyroidism (17). Our patient developed central 
hypothyroidism during rhGH therapy, however, this condition 
continued even after cessation of rhGH. Since IGF1R 
expressed in pituitary somatotrophs participates in negative 
feedback on the somatotropic axis, receptor resistance 
may disrupt negative feed-back leading to an increase in 
GH levels. Elevation in GH levels may induce somatostatin 
from the hypothalamus which is a weak inhibitor of TSH 
(25). Studies using salmon pituitary cells have shown that 
IGF-1 can stimulate thyrotropin beta subunit transcript in 
a dose-dependent manner (26). In addition, the GH-IGF1 
axis has important effects on thyrocytes. In in vitro animal 
studies, GH and IGF-1 showed synergistic effects with TSH 
on thyroid gland growth and hormone production (27). 
Thus, IGF1R defects may be expected to impact thyroid 
function at multiple levels. Interestingly, no patient with an 
IGF1R defect and hypothyroidism has been reported to date. 
Thus, it is not possible to ensure that alterations in thyroid 
function in the current patient is a direct consequence of 
IGF-1 resistance. Also, a pars intermedia cyst was detected 
on MRI. Pars intermedia cysts, remnants of Rathke’s pouch, 
rarely causes symptoms, with symptoms being related 
to mass effect and/or pituitary hormone deficiency (28). 
Some reports suggested a positive correlation between 
cyst size and impairment of pituitary function (29), while 
other reports suggest an association between symptoms  
and chronic inflammation around the cyst wall (28). 
However, small cysts are expected to be asymptomatic and 
detected incidentally or at autopsy (29), and the frequency 
of pituitary hormone deficiency increases in ≥10 mm cysts 
(30). Therefore, pituitary hormone deficiency would not be 
expected in a 2 mm diameter pars intermedia cyst. 
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IGF-1 immunoreactivity was detected in the same secretory 
granules of the corticotroph cells, indicating a concomitant 
secretion and release of both hormones (19). Despite the 
coexistence of both hormones, recent studies showed no effect 
of IGF-1 on ACTH secretion and corticotroph responsiveness 
to CRH (19). Instead, corticotroph cells may require IGF-1 to 
protect them against apoptosis, especially in stressful situations 
(19). The first low dose ACTH test that was performed, before 
levothyroxine treatment, revealed an inadequate serum 
cortisol peak, and the results of the second were just above the 
lowest reference range. We could not definitively exclude the 
diagnosis of central adrenal insufficiency, due to the technical 
limitations of the low dose ACTH test and its lower sensitivity 
and specificity compared to the insulin tolerance test. However, 
the lack of protective effects of IGF1 could make these patients 
vulnerable to apoptosis of corticotroph cells.

Conclusion

In conclusion, rhGH has partial beneficial effect on growth in 
cases with IGF1R defects if long-term, early-onset treatment 
has been instituted. Even if the treatment response to 
rhGH is relatively poor during the first year, it is important 
to continue the treatment since 42% of the patients have 
a height gain of more than 1 SDS in the long-term. In 
addition, patients with IGF1R defects should be followed for 
later development of hormone deficiencies. 
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Introduction

The human body has a mechanism for maintaining 
plasma osmotic pressure, volume, and composition 
homeostasis. Plasma osmotic pressure is primarily 
regulated by water intake due to thirst and urine volume via 

antidiuretic hormone (ADH) (1). Therefore, plasma sodium 
concentrations in healthy people are maintained within a 
narrow range of 135-145 mmol/L, despite wide variations 
in water and salt intake (2). In addition, plasma osmolality 
is closely regulated between 285 and 295 mOsm/kg 
via a complex interaction between ADH secretion and 

Abstract
Reset osmostat (RO) is classified as type C among the four subtypes of the syndrome of inappropriate secretion of antidiuretic hormone 
based on antidiuretic hormone (ADH) secretion. It is characterized by a lower plasma osmolality threshold for ADH excretion when 
plasma sodium concentration is reduced. We report the case of a boy with RO and a giant arachnoid cyst (AC). The patient had been 
suspected of having AC since the fetal period, and a giant AC in the prepontine cistern was confirmed by brain magnetic resonance 
imaging seven days after birth. During the neonatal period, there were no abnormalities in the general condition or blood tests, and 
he was discharged from neonatal intensive care at 27 days after birth. He was born with a -2 standard deviation score birth length and 
mild mental retardation. When he was six years old, he was diagnosed with infectious impetigo and had hyponatremia of 121 mmol/L. 
Investigations revealed normal adrenal and thyroid functions, plasma hypo-osmolality, high urinary sodium, and high urinary osmolality. 
The 5% hypertonic saline and water load tests confirmed that ADH was secreted under low sodium and osmolality conditions, and the 
ability to concentrate urine and excrete a standard water load; therefore, RO was diagnosed. In addition, an anterior pituitary hormone 
secretion stimulation test was performed, which confirmed growth hormone secretion deficiency and gonadotropin hyperreactivity. 
Hyponatremia was untreated, but fluid restriction and salt loading were started at 12 years old because of the risk of growth obstacles. 
The diagnosis of RO is important from the viewpoint of clinical hyponatremia treatment options.
Keywords: Hyponatremia, reset osmostat, syndrome of inappropriate secretion of antidiuretic hormone, arachnoid cyst 

What this study adds?
For the first time, we report an 11-year-old boy diagnosed with RO and a giant arachnoid cyst in the prepontine cistern. Sodium 
correction was considered unnecessary for RO, but chronic hyponatremia must be treated for the risk of decreased bone density and 
growth obstacles.

What is already known on this topic?
Reset osmostat (RO), a subtype of syndrome of inappropriate antidiuretic hormone (ADH) secretion, is a rare cause of hyponatremia 
characterized by a decrease in the plasma osmolality threshold for ADH excretion.
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action and the sensation of thirst, which promotes water 
intake (2). The hypothalamus, which contributes to the 
osmotic control of thirst and salt appetite, partly mediates 
behavioral responses (3). The hypothalamus also regulates 
neuroendocrine responses by regulating the rate of renal 
sodium and water excretion through changes in the release 
of neurohypophysial natriuretic hormone and ADH (4).

Hyponatremia, a serum sodium level <135 mmol/L, is 
the most common electrolyte disorder encountered in 
clinical practice (5). Hyponatremia has several etiologies 
and can be classified into hypotonic hyponatremia (further 
classified as hypovolemic, euvolemic, or hypervolemic), 
pseudohyponatremia, and non-hypotonic hyponatremia. 
Euvolemic hyponatremia is caused by an increase in the 
relative absolute volume of body water, and the syndrome 
of inappropriate antidiuresis (SIADH) is the most common 
cause of euvolemic hyponatremia in hospitalized patients 
(5). SIADH has a vast spectrum of etiologies and differential 
diagnoses and has classically been divided into four types 
(A, B, C, and D) (6). Type A is characterized by high erratic 
fluctuations in ADH that are not physiologically affected by 
plasma osmolality. Type B involves elevated basal secretion 
of vasopressin despite normal regulation by osmolality. 
Type C is a rare condition called reset osmostat (RO), which 
is characterized by a decrease in the plasma osmolality 
threshold for ADH excretion. Type D is characterized by 
normal osmoregulation of ADH; these cases relate to V2R 
receptor mutations that lead to constitutive activation of the 
receptor in the absence of ADH (7).

Type C, or RO, is infrequently encountered and poorly 
recognized. Unlike traditional SIADH, RO lowers the osmotic 
threshold for ADH release while maintaining the tubular 
volume of dilution and urine concentration (6). Herein, 
we report the case of an 11-year-old boy who had a giant 
arachnoid cyst (AC) that pressed on the hypothalamus in the 
prepontine cistern, and he was diagnosed with RO due to 
chronic hyponatremia.

Case Report

This was the case of an 11-year-old boy. During the 27th week 
of pregnancy, ACs were identified. The patient was born via 
cesarean section at 38 weeks and 3 days gestation, with a 
birth length of 49 cm and weight of 3.477 g. Apgar scores 
were 9 and 10 at 1 min and 5 min, respectively. At seven 
days after birth, a giant AC was confirmed in the prepontine 
cistern using brain magnetic resonance imaging (MRI). 
Respiratory and circulatory functions were maintained, 
and oral feeding was adequate. Blood tests revealed no 
abnormalities in electrolytes (serum sodium level was 138-

142 mmol/L), blood glucose level, or blood count, and the 
patient was discharged on the 27th day after birth.

The AC tended to expand temporarily on MRI during 
infancy; however, there was no evidence of increased 
intracranial pressure, and the size of the AC did not change 
after about a year, and thus the progression was observed 
without surgery. He had a mild developmental delay in 
early childhood and had an intelligence quotient of 87 at 
five years of age. In addition, he grew with a short stature 
of about -2 standard deviations (SD). When he visited 
an outpatient clinic for infectious impetigo at 6 years 
and 1 month, a serum sodium level of 121 mmol/L was 
discovered, indicating hyponatremia. Initially, SIADH was 
suspected, and the patient was admitted to hospital with 
water restriction (15 mL/kg/day), 3% hypertonic saline 
load (7.4 mEq/kg/day), and administration of diuretics (1 
mg/kg of intravenous furosemide). The serum sodium 
level temporarily increased to 134 mmol/L; however, it 
decreased to 125 mmol/L after treatment. His general 
condition was stable, and he was subsequently discharged 
from the hospital. One month later, he was re-examined for 
hyponatremia. During a physical examination at 6 years 
and 2 months of age, his height was 104.6 cm (-2.1 SD), 
weight was 16.6 kg, and body mass index was 15.2. He 
had clear consciousness and no skin swelling or edema. The 
blood pressure was 111/64 mmHg, pulse rate was 95 beats/
min, temperature was 36.7 °C, and SpO2 level was 98% 
(room air). The external genital Tanner classification was 
1, and the testis volume was 1 cm3 bilaterally. Red blood 
cell count was 3.94×104/µL, hemoglobin was 10.9 g/dL, 
hematocrit was 30.5%, white blood cell count was 6,500/
mm3, and platelets were 484,000/mm3. The venous blood 
gas analysis was normal. Serum sodium was 127 mmol/L, 
serum potassium was 4.5 mmol/L, serum chlorine was 94 
mmol/L, blood urea nitrogen was 14 mg/dL, uric acid was 
2.1 mg/dL, creatinine was 0.19 mg/dL, and fasting blood 
glucose was 90 mg/dL. There were no abnormalities in 
hormones, including thyroid and adrenal hormones, with 
adrenocorticotropic hormone of 10.8 pg/mL, cortisol of 18 
μg/dL, free triiodothyronine of 2.76 pg/mL, free thyroxine of 
1.05 ng/dL and thyroid-stimulating hormone, 2.44 μIU/mL. 
However, the insulin-like growth factor was 32 ng/mL, which 
was low for his age. Testosterone was <0.02 ng/mL, follicle-
stimulating hormone basal value was 0.95 μIU/mL, and 
luteinizing hormone (LH) basal value was 0.60 IU/mL, which 
were pre-pubertal values. Urinalysis revealed a specific 
gravity of 1.028, pH of 7.0, glucosuria (-), and proteinuria 
(±). Urine biochemistry had a urinary sodium and creatine 
level of 170 mmol/L and 75 mg/dL, respectively.
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When the brain MRI was re-examined and compared with 
the previous year, the size of the AC in the prepontine 
cistern, the degree of enlargement of the bilateral ventricles, 
and the findings of hypothalamus-pituitary stalk exclusion 
to the cranial side were unchanged (Figure 1). 

When he complained of thirst, a biochemical blood test 
revealed that his serum sodium level was 125 mmol/L, and 
plasma osmolality was 266 mOsm/kg. Subsequently, a 5% 
hypertonic saline load test (infused over 120 min at a dose 
rate of 0.05 mL/kg/min) was performed. The values before 
and 60, 120, and 180 min after hypertonic saline loading 
were: serum sodium level, 127-132-134-135 mmol/L; 
plasma osmolality, 262-267-271-275 mOsm/kg; urine 
osmolality, 853-618-566-618 mOsm/kg; and ADH level, 
2.4-1.8-2.1-14.1 pg/mL, respectively. This confirmed that 
low serum sodium and plasma osmolality increased ADH 
secretion.

Based on the results, we suspected type C SIADH and 
conducted a water load test (Figure 2). After drinking 350 
mL (≈20 mL/kg) of water, 294 mL (84% of water intake) 
of urine was observed after 4 h, and diluted urine with a 
urine osmotic pressure of 61 mOsm/kg was confirmed. 
Furthermore, the fraction of urate excretion (FEUa) measured 
during the course of the test was 7.9%. From these results, 
the cause of chronic hyponatremia was diagnosed as RO.

In addition, the patient had a short stature and underwent 
an anterior pituitary hormone secretion stimulation test 
(Figure 3). He had no abnormalities in thyrotropin-releasing 
hormone or corticotropin-releasing hormone secretion. 
However, he was diagnosed with moderate growth hormone 
(GH) deficiency (GHD) because he had a peak GH value of 
3.69 ng/mL on a clonidine load test. In addition, even before 
puberty, a LH-releasing hormone loading test confirmed 
a gonadotropin overreaction with LH as the predominant 
hormone.

After the examination, he was discharged from the hospital 
and followed-up at the outpatient department. Subsequently, 

the serum sodium level has remained around 120 mmol/L. 
There were occasional complaints of headache and vomiting 
but brain MRI revealed no evidence of the AC expanding. He 
has been on follow-up and has been encouraged to maintain 
mild fluid restriction and salt intake for his hyponatremia. 
GHD was initially followed-up with no hope of effective 
treatment, but his parents persisted. Thus, we commenced 
GH injections at 11 years and four months. At this age, the 
external genital Tanner stage was 1, and the testis volume 
was 1 cm3 bilaterally, and physical findings revealed no 
signs of precocious puberty. 

Discussion

Hyponatremia (serum sodium level of less than 135 
mmol/L) is caused by three mechanisms: inability to excrete 
water loads, excessive sodium loss, or inadequate sodium 
intake (8). As an algorithm for diagnosing hyponatremia, 
one should confirm whether it is isotonic, hypotonic, or 

Figure 1. Brain magnetic resonance imaging. A) Sagittal section, 
T1W1; B) Coronal section, fluid attenuated ınversion recovery; C) 
Cross section, T1W1. The hypothalamus and pituitary stalk are 
anteriorly excluded by a giant arachnoid cyst in the prepontine 
cistern

Figure 2. Effect of 350 mL (≈20 mL/kg) water load test. There 
was 294 mL (≈84%) of urine excretion in 4 h, and the urine 
osmolality was below 100 mOsm/kg

ADH: antidiuretic hormone

Figure 3. Clonidine/thyrotropin-releasing hormone/corticotropin-
releasing hormone/luteinizing hormone-releasing hormone 
stimulation test. The results demonstrated growth hormone 
deficiency and gonadotropin overreaction

GH: growth hormone, TSH: thyroid-stimulating hormone, LH: luteinizing 
hormone, ACTH: adrenocorticotropic hormone, PRL: prolactin
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hypertonic before proceeding with the differential diagnosis 
(8). Hypotonic hyponatremia is further classified as 
hypovolemia, euvolemia, or hypervolemia and should be 
differentiated according to the urinary sodium level of 20 
mmol/L more or less (9). Hyponatremia is typically treated 
by suppressing ADH secretion, resulting in the excretion of 
maximally diluted urine (≤100 mOsm/kg). Most patients 
with hyponatremia and hypo-osmolarity are unable to retain 
water due to continuous ADH secretion, even though their 
urinary osmolality is above 100 mOsm/kg and density is 
above 1.003 (6). This euvolemic hyponatremia is the cause 
of 60% of all types of chronic hyponatremia, with SIADH 
being the most common cause, and other causes include 
hypothyroidism, glucocorticoid deficiency, and inadequate 
fluid therapy (6). The diagnostic criteria for SIADH described 
by Bartter and Schwartz (7) in 1967 are hyponatremia with 
plasma hypo-osmolarity, high urinary osmolality relative 
to plasma osmolality, increased urinary sodium excretion, 
absence of edema or volume depletion, and normal renal 
and adrenal functions (9). All of the criteria were met in the 
presented case.

The diagnostic criteria for RO include normovolemic 
hypotonic hyponatremia; normal renal, adrenal, and thyroid 
function; ability to concentrate urine; ability to excrete 
a standard water load, with excretion of more than 80% 
within four hours; maintenance of urine osmolality at or 
below 100 mOsm/kg during sustained water diuresis; and 
maintenance of normal sodium balance salt loading (10). 
The presented patient met these diagnostic criteria, and the 
water load test was crucial in diagnosing RO (11), with 84% 
of the loaded water content urinated within four hours. In 
addition, RO should exhibit a normal FEUa (4-11%) (12), 
which was noted in our patient (7.9%). First, a common 
cause of RO could be damage to the posterior pituitary 
(13). Changes in plasma osmotic pressure are caused by 
changes in the balance between the ingress and egress of 
electrolytes and water into the living body and are detected 
by osmotic receptors in the anterior hypothalamus (14). The 
osmotic receptors are present in the late paraventricular and 
subfornical organs of the anterior paraventricular nucleus 
of the third ventricle, and an increase in plasma osmotic 
pressure is detected at these sites, and the hypothalamus 
paraventricular nucleus and supraoptic nucleus. The signal 
is transmitted to the ADH neurons, and the posterior 
hypothalamus promotes ADH secretion (15).

Changes in osmolality are susceptible to changes in ADH 
secretion, and even a 1% increase in plasma osmolality 
increases ADH secretion (16). Moreover, there is an osmotic 
pressure threshold for ADH secretion, and ADH secretion 
is normally inhibited when the plasma osmotic pressure 

is about 280 mOsm/kg H2O or less (16). When plasma 
osmolality exceeds this threshold, ADH secretion increases 
linearly (16). In addition, when the plasma osmotic pressure 
is approximately 290 mOsm/kg H2O or higher, the thirst 
center is stimulated to induce drinking behavior, which 
contributes to the maintenance of body fluid volume as 
well as an increase in ADH secretion (16). Head trauma or 
intracranial lesions cause an abnormal resetting of these 
strict mechanisms of hypothalamic osmoreceptors, resulting 
in an inappropriate antidiuretic response to perceiving 
lower serum sodium levels. In case presented here, results 
consistent with RO findings in the hypertonic saline loading 
test were noted. The temporary decrease in ADH level, 
despite a mild increase in plasma osmolality, at 60 minutes 
after loading may have been due to the addition of water 
loading to the preload dehydration situation, in addition to 
the sodium loading.

Case reports of RO are rare, and pediatric reports are even 
rarer. The majority are also associated with median defects, 
such as cleft lip and palate, corpus callosum agenesis, 
pituitary disorder, and hypothalamic cysts (6,17,18,19). In 
the presented patient, the giant AC in the prepontine cistern 
displaced the anterior ventricular wall of the third ventricle, 
including the paraventricular nucleus of the hypothalamus, 
which is involved in ADH secretion.

Our case suggests that the cause of RO may be an abnormal 
reset of the hypothalamic osmoreceptor. The second 
possibility is sick cell syndrome. “Sick cells” have less effective 
osmotic pressure and thus their volume decreases, triggering 
vasopressin release. In severe hyponatremia, the release of 
ADH to retain water inside the cells is high; consequently, 
these cells begin to swell, exceeding their original size and 
inhibit lowering of serum sodium levels (20).

Previously, it was thought that correction of hyponatremia 
was unnecessary in RO because increased plasma 
sodium level and osmolality promote ADH secretion 
(21). However, recent evidence in adults suggests that 
chronic hyponatremia is associated with attention deficits 
(22), cognitive impairments (23), bone fractures, and 
osteoporosis (24). Hyponatremic rats showed decreased 
bone mineral density, in both trabecular and cortical bones, 
and significantly increased osteoclast activity (25). Although 
our patient presented with short stature, the GHD was 
moderate, as revealed by the GH secretion stimulation test 
results. Furthermore, no significant decrease was noted in 
the growth rate without GH treatment until the age of 11 
years and 4 months. After initiation of GH treatment, his 
growth rate was increased slightly. In addition, bone mineral 
density performed by dual energy X-ray absorptiometry 
in the lumbar spine (L1-L4) was 0.470 g/cm2 at 12 years 



Naganuma J et al. 
A Pediatric Case of Reset Osmostat 

J Clin Res Pediatr Endocrinol
2024;16(4):489-494

493

of age, with an age-matched Z-score of -5.1. Thus, we 
also considered the possibility that the effect of chronic 
hyponatremia, in addition to GHD, on bone resulted in short 
stature. In a report of an 8-year-old girl with a hypothalamic 
glioma complicated by RO who had difficulty with fluid 
restriction, oral administration of tolvaptan, an arginine 
vasopressin V2 receptor antagonist, showed improvement in 
hyponatremia and relief of fluid restriction (19). At present, 
data on the use of tolvaptan in children are limited, and 
caution must be exercised during long-term use, especially 
with regard to the side effect of liver dysfunction due to 
hepatotoxicity. However, there is also a report that suggests 
that oral tolvaptan was safely administered to three pediatric 
patients with chronic hyponatremia due to SIADH (26).

To the best of our knowledge, the present study is the only 
case report of a child with severe hyponatremia caused 
by RO due to an AC. This patient was initially thought to 
have no need for treatment to correct hyponatremia due 
to RO. However, to avoid adverse events caused by chronic 
hyponatremia, which have become evident in recent years, 
it is necessary to restrict salt and excessive fluid intake and 
to continue careful monitoring of the patient’s progress, 
while considering tolvaptan administration.

Conclusion

In asymptomatic patients with severe hyponatremia, RO 
should be considered. RO is uncommon and very rare in 
children. In this present case, RO may have been induced 
by physical pressure on the hypothalamus or by a disability. 
Further case series and studies are warranted to define the 
need for treatment of chronic hyponatremia caused by RO 
in children.
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Introduction 

Disorders of sexual differentiation (DSD) are congenital 

conditions such that the chromosomal profile, gonadal sex, 

and phenotypic appearance of the external genitalia of the 

individual are discordant (1). The broad categories that fall 

under DSD include 46 XY DSD, 46 XX DSD, ovotesticular 

DSD, and sex chromosome DSD, for example 47 XXY, 45 X, 
and 45 X/46 XY. Individuals with 46, XY DSD present with 
a varied clinical picture, from females with normal external 
genitalia to under-virilized males (2).

The underlying cause of 46, XY DSD involve gonadal 
dysgenesis (GD) or dysfunction of the synthesis or action 
of androgens or anti-Müllerian hormone (AMH) (3). GD, 
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Abstract
Swyer syndrome is a rare congenital condition that serves as a risk factor for developing germ cell tumors. The condition belongs to 
the group of 46, XY disorders of sexual development, is characterized by complete gonadal dysgenesis (CGD) and is mostly manifested 
as delayed puberty and primary amenorrhea during adolescence. Individuals with Swyer syndrome are known to be phenotypically 
female with normal internal and external female genitalia at birth. 46, XY GD involves a high risk of gonadoblastoma development with 
malignant potential such that the onset is greatest at or after the event of puberty. This report of a 12-year-old phenotypic female with 
46, XY GD, who developed an advanced metastatic seminoma, highlights the rarity of the development of a seminoma in the context 
of 46, XY CGD.
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What is already known on this topic?
Swyer syndrome is a rare congenital condition that is known to be a risk factor for developing germ cell tumors. 46, XY gonadal 
dysgenesis (GD) involves a high risk of gonadoblastoma development with malignant potential such that the onset is greatest at or after 
the event of puberty.

What this study adds?
This study reports a 12-year-old phenotypic female with 46, XY GD, who developed an advanced metastatic seminoma. Furthermore, a 
review of the literature was performed in order to highlight the rarity of the development of seminoma in the context of 46, XY complete GD.
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previously known as sex reversal (4), can manifest as 
complete GD (CGD) or partial GD. Disorders of androgen 
synthesis or action involve various enzymatic defects 
of testosterone synthesis or conversion and defective 
androgen receptors such as 17-beta HSD deficiency, 
5α-reductase deficiency, and androgen insensitivity 
syndromes (1,5).

Swyer syndrome, first described by Swyer (6) in 1955, is a 
type of 46, XY DSD characterized by CGD. The incidence 
of all cases with 46, XY DSD in general is estimated to be 
1:20,000. The incidence of the Swyer syndrome has been 
estimated to be 1:100,000 (1). The underlying pathology 
of this condition involves the presence of bilateral, non-
functional streak gonads that fail to secrete testosterone 
and AMH. Therefore, individuals with Swyer syndrome are 
known to be phenotypically female with normal internal 
and external female genitalia at birth. The condition most 
commonly is manifested during adolescence as delayed 
puberty and primary amenorrhea (7).

Patients with 46, XY CGD have the highest tumor rate 
among a population of patients with DSD and the presence 
of a Y chromosome (8). Swyer syndrome involves a high 
risk of gonadoblastoma development with malignant 
potential, such that the onset is greatest at or after the 
event of puberty (9). Gonadoblastomas are in situ benign 
tumors that can transform to malignant germ cell tumors, 
such as dysgerminoma or seminoma (10). The risk of 
malignancy is reported as 37% to 45% (11,12). Once the 
diagnosis of Swyer syndrome is made, the patient should 
undergo a gonadectomy to prevent the development of 
gonadal malignancies (13). Furthermore, puberty is induced 
via estrogen supplementation for the development of 
secondary sexual characteristics. In the long term, hormone 
replacement therapy, including estrogen and progesterone, 
is given to maintain the menstrual cycle (1). 

Swyer syndrome is a rare congenital condition that serves 
as a risk factor for developing germ cell tumors. This report 
of a 12-year-old, phenotypic female with 46, XY GD, who 
developed an advanced metastatic seminoma highlights the 
rarity of the development of a seminoma in the context of 
46, XY CGD. 

Case Report

A 12-year-old Caucasian phenotypic female with an 
apparently unremarkable past medical history presented 
with primary amenorrhea and a large abdominal mass. The 
patient comes from a non-consanguineous family and both 

parents and siblings are healthy and have no remarkable 
past medical history.

One month prior to her admission, the patient’s mother 
noticed a palpable solid mass in the femoral-inguinal 
region. This gradually increasing palpable abdominal mass 
was accompanied by pain, abdominal distention, and 
constipation. The abdominal ultrasound imaging showed an 
abdominal mass and secondary liver metastasis.

Upon physical examination, her Tanner stage for breast and 
pubic hair was T1 and T2 respectively. She had palpable 
lymph nodes at the cervical and right axillary area. Her 
abdomen was distended, with a palpable and painful mass 
at the umbilical and left lateral region, with hepatomegaly. 
She also had a solid palpable mass at the left inguinal 
region, approximately 4 cm in size, and a smaller one at the 
right side. Computed tomography of the abdomen revealed 
a large occupying lesion with patchy inhomogeneous areas 
and multiple calcifications with diameter of 15x12x8.5 cm. 
Furthermore, there were blocks of multiple retroperitoneal 
sizeable masses involving the para-aortic areas, the celiac 
axis, the liver and bilateral renal hilar areas.

A tumor biopsy was performed, and the findings were 
morphologically and immunohistochemically compatible 
with a seminoma.

The patient’s seminoma was treated according to the 
Testicular Cancer Protocol 2011 (14). She completed four 
cycles of the chemotherapy regimen PEB (bleomycin, 
etoposide, and cisplatin). After completion of chemotherapy, 
she underwent bilateral gonadectomy and was given 
hormonal treatment with estrogens for feminization 
and later for induction of menarche. She is currently on 
hormonal replacement therapy with combined estradiol 
and dydrogesterone. Her growth increased from 150 cm at 
13 years to 166 cm at 17 years.

Lab Findings

Hormonal Findings

Pre-operative assessment of gonadal function was 
performed and the laboratory values demonstrated elevated 
gonadotrophins (follicle-stimulating hormone 76.25 UI/L, 
luteinizing hormone 16.08 UI/L), testosterone <0.02 ng/
mL, AMH <1 pmol/L, inhibin B 10 pg/mL (normal: 10-
200 pg/mL) and estradiol levels were <10 pg/mL.

Genetic analysis was done using whole exome sequencing 
to check for any mutations that may be associated with the 
patient’s phenotype. A family trio exome analysis (Agilent 
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exome V8) was employed for better extrapolation of results 
and possible candidate variants. No clinically relevant 
variants were detected in the genes tested, but there may be 
a pathogenic variant or deep intronic modifying mutations 
outside of the genetic regions of analysis. However, 
there were two interesting findings involving two genes: 
ZNF133 and COL4A1. Even though the variations in these 
two genes are of de novo origin, their involvement in the 
patient’s presentation remains unknown. The ZNF133 gene 
encodes the Zinc finger protein 133, which is predicted to 
enable DNA-binding transcription repressor activity and 
be involved in negative regulation of transcription by RNA 
polymerase II, along with other functions (15). COL4A1, also 
known as collagen type 4 alpha 1 chain, is a gene found 
on chromosome 13, and is involved with the formation 
of the alpha 1 chain of type 4 collagen. This chain is part 
of a complex protein network that plays numerous roles 
in the body, such as helping the basement membranes 
interact with proximal cells, cellular migration, and cellular 
proliferation (16).

Karyotypic analysis (Agilent) of the bone marrow and 
peripheral blood revealed the patient to be 46, XY. In 
addition, fluorescence in situ hybridization analysis for 
SRY (sex-determining region Y) was performed revealing a 
signal pattern of one SRY signal and one DYZI, a human Y 
chromosome specific repeated DNA family, signal in all cells 
examined.

Tumor markers were investigated prior to the initiation of 
chemotherapy treatment. The patient had elevated levels 
of NSE (131.7 ng/mL; reference range: <16.3 ng/mL), CA 
125 (209.4 U/mL; reference range: <35 U/mL), and β-hCG 
(79.33 U/L; reference range: <5 U/L) prior to the initiation 
of chemotherapy treatment.

Discussion

Swyer syndrome is synonymous with CGD in patients with 
an XY karyotype. The most widely accepted pathogenic 
mechanism in this condition is a mutation in the SRY 
gene, which is expressed in the germ cells and Sertoli cells. 
This gene is known to be responsible for converting the 
undifferentiated gonads into testes. The mutation leads to 
the production of a defective protein that does not permit 
the undifferentiated gonad to develop, resulting in the 
presence of streak gonads that fail to secrete testosterone 
and AMH (17). It is estimated that 15% of patients with 46, 
XY CGD have a mutation in the SRY gene (1). Patients with 
Swyer syndrome typically present with a female phenotype 

with normal external genitalia and Müllerian structures 
at birth and usually seek medical care in adolescence for 
delayed puberty with primary amenorrhea due to the lack 
of hormonal production by the gonads (7). 

Since dysgenetic gonads have a 30% risk of developing a 
gonadoblastoma, the delayed nature of the diagnosis often 
results in patients already having developed a germ cell 
tumor at the time of prophylactic bilateral gonadectomy. A 
case series of three patients demonstrated the presence of 
gonadoblastoma in one patient and dysgerminoma in the 
two other patients incidentally at the time of gonadectomy 
(18). 

Patients with Swyer syndrome are known to be at high risk 
of developing a germ cell tumor, the commonest example 
being a gonadoblastoma because they have Y chromosome 
material in their genome. The risk of developing a 
germ cell neoplasia in these patients depends on the 
presence of a region on the Y-chromosome known as the 
gonadoblastoma (GBY) region (19). Despite being benign 
tumors, gonadoblastomas have the potential to transform 
to malignant germ cell tumors in 50% to 60% of cases. 
Dysgerminomas are reported to be present in 22-66% of 
the cases (12). A recent study from Latvia demonstrated 
that gonadoblastomas and dysgerminomas were the 
most commonly diagnosed tumors in patients with Swyer 
syndrome and the authors stressed the importance of early 
diagnosis (20). Furthermore, malignant transformation to 
seminoma has been reported (21).

Testicular cancer is generally an uncommon type of cancer, 
forming only 1-2% of all tumors in men. However, it is the 
most common type of neoplasia among young men (22). 
Germ cell tumors are the most common type of testicular 
cancer, such that the occurrence of a seminoma versus a 
non-seminoma is approximately the same. Risk factors 
associated with testicular cancer usually arise in patients 
with undescended testes, a history of testicular cancer, a 
family history of testicular cancer or GD (22).

The patient reported herein with GD presented with a very 
rare gonadal tumor.

The development of seminoma in patients with 46, XY GD 
is very rare with only two previously confirmed reported 
cases (Table 1). The first case was an 18-year-old female who 
presented with primary amenorrhea and pelvic masses. She 
had a seminoma on her right gonad, which was confirmed 
to be an ovotestis (23). The second case was a 16-year-old 
female who presented with primary amenorrhea. She had 
a seminoma on her left gonad, which was confirmed to be 
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a streak gonad (21). Our patient would be the third case of 
seminoma in Swyer syndrome presenting with a palpable 
pelvic mass to be reported, to the best of our knowledge. A 
recent cross-sectional multicenter study in 1,040 patients 
with DSD above the age of 16 years of whom 21 patients 
had CGD showed that those with CGD had the highest risk 
(33%) of developing a germ cell neoplasia (24). Among 
those patients reported in the study, only one patient with 
CGD had a seminoma. 

The work of Elzaiat et al. (3), 2022 demonstrated the most 
recent genetic basis of 46, XY GD. There seems to be an 
extensive list of genes and proposed candidates that are 
associated with the 46, XY GD phenotype, including SRY, 
SOX9, DMRT1, and DHH. SRY activates the expression of 
SOX9, a downstream effector that’s responsible for Sertoli 
cells formation. Testis development control can be achieved 
by the close binding between DMRT1 and SOX9 on target 
genes in the fetal testis (3). DHH is a protein expressed 
by Sertoli cells that is responsible for genetic regulation in 
Leydig cells as well as peritubular myoid cells (2). Figure 1 
illustrates a simplified schematic of how the different genes 
interact. Mutations in this molecular pathway have been 
shown to be associated with 46, XY CGD (3). In the presented 
patient, current genetic testing failed to identify the genetic 
defect associated with her condition, highlighting the need 
for further experimentation. In the future technological 
advances in molecular methodologies, such as whole 
genome sequencing, optical genome mapping and next-
generation cytogenetics may aid in elucidating pathogenesis 
and prognosis of this disorder.

Conclusion

Due to a scarcity of reported cases, we present a very rare 
case of a patient with Swyer syndrome who developed an 
advanced metastatic seminoma. Despite the metastatic 
nature of the seminoma and the symptomatic presentation 
of the patient, she achieved a good overall outcome after 
undergoing chemotherapy, bilateral gonadectomy and 
feminization therapy. This case report and the limited 
literature included in this review highlight the rarity of 
a seminoma and the importance of early detection of 
Swyer syndrome with a subsequent earlier prophylactic 
bilateral gonadectomy and meticulous follow-up to prevent 
the development of gonadal malignancy in this group of 
patients.

Table 1. The type of tumor reported in patients with Swyer 
syndrome

Study Tumor type Patient age

Alam et al. (9), 2020 Gonadoblastoma/
dysgerminoma

16 years old

Anwar et al. (25), 
2021

Dysgerminoma 16 years old

Arafa et al. (26), 2021 Gonadoblastoma/
dysgerminoma

17 years old

Behtash and Karimi 
Zarchi (27) 2007 

Dysgerminoma 20, 19, 17 years 
old

Ben Temime et al. 
(28), 2008

Gonadoblastoma/
dysgerminoma

13 years old

Bjersing and Kjellgren 
(29) 1977

Dysgerminoma 
or seminoma (not 
confirmed)

18 years old

Bumbulienė et al. (7), 
2020

Gonadoblastoma/
dysgerminoma

9 years old

Çatlı et al. (30), 2015 Gonadoblastoma 15 years old

Chen et al. (23), 2015 Seminoma 18 years old

Dural et al. (31), 2019 Gonadoblastoma/
dysgerminoma

17 years old

Gonzalez-Benitez et 
al. (32), 2015

Gonadoblastoma/
dysgerminoma

29 years old

Hamed and Hanafy 
(33) 2021

Gonadoblastoma/
dysgerminoma

19 years old

Han et al. (34), 2011 Dysgerminoma 21 years old

Hanlon and Kimble 
(18) 2015

Gonadoblastoma/
dysgerminoma

17, 15, 15 years 
old

Ilter et al. (35), 2008 Gonadoblastoma/
dysgerminoma

26 years old

Jadhav et al. (36), 
2006

Gonadoblastoma/
dysgerminoma

19 years old

Jonson et al. (21), 
2010

Gonadoblastoma/
dysgerminoma, 
seminoma

20, 16 years old

Kim et al. (37), 1993 Gonadoblastoma/
dysgerminoma

24 years old

Kumar et al. (38), 
2016 

Teratoma/dysgerminoma/
yolk sac

14 years old

Milewicz et al. (39), 
2016

Gonadoblastoma/
dysgerminoma

18 years old

Stachowicz-Stencel et 
al. (40), 2011

Choriocarcinoma/
dysgerminoma

14 years old

Yada-Hashimoto et al. 
(41), 2018

Dysgerminoma 25 years old

Zhu et al. (42), 2011 Dysgerminoma 22 years old

Zhu et al. (43), 2016 Teratoma/dysgerminoma/
yolk sac tumor

16 years old
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Introduction

3M syndrome (MIM #273750, 612921, 614205) is a rare 
autosomal recessive disorder, which was first reported by 
Miller et al. (1). 3M syndrome is characterized by short 
stature, dysmorphic facial features, and skeletal dysplasia. 

3M syndrome exhibits genetic heterogeneity. Based on 

different causative genes, it can be categorized into three 

subtypes: type 1 with CUL7 gene mutations, type 2 with 

OBSL1 gene mutations, and type 3 with CCDC8 gene 

mutations, accounting for approximately 77.5%, 16%, and 
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Abstract
3M syndrome is an autosomal recessive disorder characterized by short stature and skeletal developmental abnormalities. A Chinese 
girl with 3M syndrome and a novel OBSL1 (obscurin-like 1 gene) variant is presented. The patient is a 2-year-old girl who presented with 
short stature and had intrauterine growth retardation and low birth weight. Gene analysis revealed compound heterozygote mutations 
in the OBSL1 gene: c.458dupG (p.L154Pfs*100) and c.427dupG (p.A143Gfs*111). The c.427dupG mutation is novel. The c.458dupG 
mutation has been documented in five cases, occurring only in Chinese individuals, suggesting ethnic specificity. In cases of children 
with short stature presenting with intrauterine growth retardation, low birth weight, and skeletal developmental abnormalities, 3M 
syndrome should be considered. The c.458dupG mutation may be a hotspot mutation in the Chinese population.
Keywords: Short stature, 3M syndrome, OBSL1 gene, intrauterine growth retardation

What is already known on this topic?
3M syndrome is a rare autosomal recessive disorder. It is characterized by short stature, intrauterine growth retardation, low birth weight, 
dysmorphic facial features, and skeletal dysplasia. 3M syndrome includes three subtypes: type 1 with CUL7 gene mutations, type 2 with 
OBSL1 gene mutations, and type 3 with CCDC8 gene mutations, accounting for approximately 77.5%, 16%, and 5%, respectively. There 
is no specific therapy for the disease. The effectiveness of growth hormone therapy for 3M syndrome is controversial.

What this study adds?
The c.427dupG mutation in the presented patient is a novel OBSL1 variant. The c.458dupG mutation has been documented only in 
Chinese individuals, suggesting ethnic specificity. The phenotype and variant information of the five Chinese patients with c.458dupG 
mutation in the OBSL1 gene are summarized. We suggest the c.458dupG mutation may be a hotspot mutation in the Chinese population.
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5%, respectively. However, about 1.5% of 3M cases have not 
yet been related to a definitive causative gene, suggesting a 
complex pathogenic mechanism (2). 

The OBSL1 gene consists of 22 exons with three splice 
variants designated as OBSL1A, B, and C. The encoded 
obscurin-like protein 1 (OBSL1), which is distributed in the 
cell membrane and encircling the nucleus, functions as a 
cytoskeletal adaptor protein that connects the cell interior 
to the cell membrane, contributing to the stability of the 
cellular cytoskeletal network. Approximately 200 cases of 
3M syndrome have been reported to date, with only 24 
cases in China. Among them, type 2 has been reported in 
over 50 patients worldwide, with only nine cases in China. 

In this study, we report and analyze the clinical and molecular 
manifestations of a Chinese patient with 3M syndrome type 
2 (OMIM 610991) caused by OBSL1 gene mutations. We also 
review the relevant literature and summarize the other five 
Chinese patients with the same mutation in the OBSL1 gene.

Case Report

The patient was a 2-year and 11-month-old girl of non-
consanguineous parents. She was referred to our hospital due 
to her short stature. She was born at 38 weeks of gestation. 
Her birth weight, length, and head circumference were 2.0 kg 
[-3.1 standard deviation (SD)], 42 cm (-3.8 SD), and 34 cm. 
Prenatal examinations at five months of gestation indicated 
intrauterine growth retardation, with shorter-than-expected 
femur length for the gestational age. The mother had 
undergone an artificial abortion during her first pregnancy 
(G1P0) due to a diagnosis of short femur length. 

At presentation, the patient’s body weight was 9.6 kg (-3.6 
SD), and her height was 79 cm (-3.8 SD). Serum basal insulin-
like growth factor-1 (IGF-1) and IGF binding protein-3 levels 
were 186 ng/mL (reference range: 51-303 ng/mL) and 4.86 
μg/mL (reference range: 0.8-3.9 μg/mL). Growth hormone 
(GH) stimulation test was normal, with a peak GH level of 
8.4 ng/mL. Radiographic examinations showed normal 
bone age, tubular bones, and vertebral bodies. 

Recombinant human GH (rhGH) therapy was subsequently 
given over nearly five years. The patient’s height increased 
by approximately 4 cm per year. Currently, when the patient 
was 7 years 6 months old, her weight was 19.0 kg (-1.7 SD), 
and her height was 108 cm (-3.2 SD), and she maintains 
normal intellectual development.

Genetic Analysis

Next-generation sequencing (NGS) was performed during 
the 7-year follow-up of the patient. Based on NGS analysis, 

two mutations, c.458dupG and c.427dupG, were detected 
in the OBSL1 gene. The c. 458dupG variant is located in 
exon 1, resulting in a change in the p. L154Pfs*100 amino 
acid residue. This is a frameshift mutation that causes 
premature protein translation termination. According to 
the standards of the American College of Medical Genetics 
(ACMG) criteria, this mutation is considered pathogenic 
(PVS1+PM3_Strong) and has been reported in clinical 
cases. The c. 427dupG variant is also located in exon 1, 
causing a change in the p. A143Gfs*111 amino acid residue. 
This is also a frameshift mutation that leads to premature 
protein translation termination. According to the ACMG 
standards, this mutation is also considered pathogenic 
(PVS1+PM2+PM3(Trans)). It is a newly identified mutation 
with a very low population frequency of 0.0000097. The 
patient carries compound heterozygous mutations in two 
pathogenic genes, resulting in premature protein translation 
termination, altered protein function, and associated 
clinical syndrome. Sanger validation of the variant gene is 
shown in Figure 1. Moreover, the amino acids in positions 
154 and 143 are highly conserved among different species 
(Figure 2).

Discussion

We reported the clinical and genetic features of a Chinese 
girl with type 2 3M syndrome. The clinical manifestations 
of 3M syndrome lack specificity and predominantly 
involve short stature without accompanying intellectual 
impairment. In 2009, Hanson et al. (3) identified 10 cases 
with 3M syndrome who did not carry mutations in the CUL7 
gene. These ten individuals showed no discernible clinical 
distinctions compared to patients with CUL7 gene mutations. 
Through high-density genome-wide SNP mapping, a second 
gene at 2q35-q36.1 was identified. This study reported 
seven mutations in OBSL1 gene for the first time, including 
c.690insC (p. E231RfsX23), c.1149C→A (p.C383X), 
c.1273insA (p. T425NfsX40), c.1256_1265delGCACCGTGGC 
(p. R419PfsX10), c.1359insA (p. E454RfsX11), c.1463C→T 
(p.R489X), and c.2034_2035 delinsA (p.H679TfsX40). All 
these mutations were found within the first six exons of the 
gene (3).

3M syndrome patients manifest intrauterine growth 
retardation and short stature. In this study, the patient’s 
primary presentation was short stature, along with a history 
of intrauterine growth retardation, low birth weight, and 
reduced birth length. In contrast, head circumference at 
birth remained within the normal range. These observations 
align with the established clinical characteristics of 3M 
syndrome. Most 3M syndrome patients demonstrate normal 
GH levels, and exhibit expected responses in GH stimulation 
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tests. A minority have been reported to display inadequate 
stimulation test results (4,5). The peak GH response for 
the presented case was 8.4 ng/mL, and the IGF-1 level was 
average. According to the latest guidelines (6), this outcome 
rules out GH deficiency, indicating normal GH secretion.

All three subtypes of 3M syndrome may have a characteristic 
face, with minimal disparities among the subtypes. These 
features include a triangular face, pronounced forehead, 
flat nasal bridge, a round nasal tip, anteriorly tilted nostrils, 
elongated philtrum, thick lips, and prominent chin. Patients’ 
dysmorphic facial features tend to be less noticeable when 
they grow up (7). In the current study, the patient exhibited 

a pronounced forehead, flat nasal bridge, and full round 
nasal tip at ten months of age (Figure 3A). By the age of five 
years, the pronounced forehead and depressed nasal bridge 
were less noticeable (Figure 3C). These findings emphasize 
the importance of clinicians keenly observing a child’s facial 
appearance during their early years, which can aid in the 
prompt identification of this condition and subsequently 
facilitate timely genetic testing for a definitive diagnosis.

3M syndrome may exhibit skeletal developmental 
abnormalities, such as clinodactyly of the fifth finger, 
prominent heels, calf muscle protrusion, square 
shoulders, short neck, shortened chest cavity, reduced 

Figure 1. Sanger sequence showing the heterozygous mutations c.458dupG and c.427dupG. A) The patient bears the heterozygote 
c.458dupG frameshift mutation. B) The site is wild type in his father. C) The mother carries the heterozygote c.458dupG frameshift 
mutation. D) The child has the heterozygote c.427dupG frameshift mutation. E) The father carries the heterozygote c.427dupG 
frameshift mutation. F) The site is wild type in his mother

Figure 2. Conservation of the amino acid at positions 154 and 143 of the amino acid sequence among different species
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chest circumference, winged scapula, and anterior spinal 
protrusion. However, the patient in this study displayed 
milder clinical symptoms without any of these features.

In most 3M syndrome patients, skeletal X-ray assessments 
commonly reveal elongated tubular bones and tall vertebral 
bodies. Approximately 90% of patients display distinct 
characteristic alterations, including an elevated vertebral 
body height and a reduced anterior-posterior diameter. 
These alterations are especially noticeable in the lumbar 
vertebrae. Tüysüz et al. (8) analyzed 19 patients with 3M 
syndrome and found that tall vertebral bodies are more 
pronounced in children aged six years and older, as well as 
in adults. The patient in the present study did not manifest 
the characteristic vertebral changes, possibly due to her 
young age.

The OBSL1 gene is located at 2q35 and consists of 22 exons 
with three splice variants designated as OBSL1A, B, and 
C. Its encoded product, obscurin-like protein 1 (OBSL1), 
comprises 1896 amino acid residues and is expressed in 
various cell types, including myocardium, skeletal muscle, 
brain tissue, and intervertebral discs. OBSL1 is distributed in 
the cell membrane and encircles the nucleus, functioning as 
a cytoskeletal adaptor protein that connects the cell interior 
to the cell membrane, contributing to the stability of the 
cellular cytoskeletal network.

More than 45 identified mutations in the OBSL1 gene have 
been documented in the HGMD database. The reported 
mutation types include missense, nonsense, frameshift, 
deletion, and insertion mutations. Nine frameshift 
mutations have been reported. (c.35dupC, c.458dupG, 
c.690dupC, c.1039dupC, c.1125dupT, c.1260dupC, 
c.1273dupA, c.1359dupA, and c.2086_2088dupGGC). 
The presented case carries two mutations, c.458dupG (p. 

L154Pfs*100) and c.427dupG (p. A143Gfs*111). The two 
mutations are both frameshift mutations in exon 1, which 
lead to premature termination of protein translation. The 
c.458dupG frameshift mutation has been documented in 
only five cases to date (Table 1). All have occurred in Chinese 
individuals (9,10,11,12), which may be an indication of 
ethnic specificity and that this may be a hotspot mutation 
in the Chinese population. 

Little is known about the mechanism underlying the short 
stature of 3M syndrome. The GH-IGF-1 axis in 3M syndrome 
appears normal, so the possibility of alternative pathways 
exists to induce abnormalities in growth plate chondrocyte 
development. Research into 3M syndrome pathogenesis 
has been multifaceted. In 2009, Huber et al. (13) revealed 
histological alterations in the growth plate of embryonic tibia 
in individuals with 3M syndrome. The researchers identified 
enlarged chondrocyte volume and increased density in 
both the resting and proliferative zones of the growth plate, 
accompanied by impaired extracellular matrix synthesis 
compared to normal cells. A separate investigation in 2013 
proposed that the absence of autocrine IGF-2 functionality 
within the growth plates of children with 3M syndrome might 
contribute to their reduced stature (14). Subsequently, in 2014, 
Yan et al. (15) described the collaborative interaction among 
the proteins CUL7, OBSL1, and CCDC8, which form the 3M 
complex. OBSL1 acts as a bridging element between CUL7 
and CCDC8. The function of the 3M complex is to uphold 
the integrity of microtubules - an essential aspect of mitosis 
and cytokinesis, crucial for normal cellular development. 
Notably, the study demonstrated that individual knockout of 
CUL7, OBSL1, and CCDC8 genes didn’t exacerbate conditions 
like mitotic delay, emphasizing their coordinated role within 
the same pathway. That may be why the three subtypes of 

Figure 3. Facial appearance of our patient. A) 10 months old. A pronounced forehead, flat nasal bridge, and full round nasal tips were 
observed. B) Two years old. C) Five years old. A pronounced forehead and flat nasal bridge were less prominent
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3M syndrome exhibit closely similar clinical presentations. 
In a subsequent study by Wang et al. (16) in 2019, it was 
discovered that phosphorylated CCDC8 protein facilitated the 
formation of the 3M complex, prompting its relocation to the 
cell membrane. Once formed, the 3M complex initiated the 
ubiquitination-mediated degradation of LL5β. Disturbance in 
this process may give rise to altered microtubule dynamics, 
compromising cell migration and differentiation.

There is no specific therapy for the 3M syndrome. The 
effectiveness of GH therapy for 3M syndrome type 2 
is controversial. Some researchers suggest that despite 
normal GH levels, some children with 3M syndrome exhibit 
inadequate GH stimulation, warranting GH treatment. 
Keskin et al. (5) reported a case of 3M syndrome type 2 
treated with rhGH for six months at a dose of 7.5 IU/kg 
per week, resulting in a growth increment of 7 cm and a 
satisfactory growth rate. Clayton et al. (17) investigated the 
response to rhGH treatment in six individuals (including four 
patients who carried the causative mutation in the OBSL1 
gene). They found a small but significant increase in growth 
rate and height growth compared to the control group. 
However, some case reports indicate an ineffectiveness 
of GH treatment. Demir et al. (4) reported a child with 
homozygous OBSL1 gene mutation (c.457_458delinsT) 
who underwent one year of GH treatment (dosage not 
mentioned), resulting in a mere 3 cm height increase. The 
presented patient received approximately five years of GH 
treatment, achieving a height increase of 4 cm per year with 
moderate effectiveness. 

Due to the patient’s average intelligence, the prenatal 
diagnosis of 3M syndrome remains debatable. For those with 
a family history or parents who are carriers of confirmed 
pathogenic genes and wish to have an unaffected child, a 
preimplantation genetic diagnosis could be considered, 
following ethical principles and informed consent. Regular 
prenatal ultrasound examinations are beneficial to early 
diagnosis. The growth rate of all long bones was observed 
to decrease. Two- and three-dimensional sonography can 
reveal shortened long bones and help detect mid-facial 
underdevelopment, aiding in prenatal diagnosis of 3M 
syndrome (18). Therefore, clinical prenatal examinations 
should focus on early identification and prompt genetic 
testing.

Conclusion

In summary, 3M syndrome is a rare disease primarily 
presenting with short stature. It should be considered 
when accompanied with intrauterine growth retardation, 
low birth weight, facial abnormalities in infancy, average 
head circumference, and skeletal developmental issues. 
Molecular analysis is needed to confirm the diagnosis. We 
found a novel mutation in the OBSL1 gene in a Chinese 
patient. Moreover, the c.458dupG mutation in the OBSL1 
gene may be a hotspot mutation in the Chinese population.

Ethics

Informed Consent: Informed consent was obtained from 
the families of the study participants.

Table 1. Phenotype and variants information of five patients with c.458dupG mutation in OBSL1 gene

Patient ID Our case 1 2 3 4 5

Gender Female Female Male Female Male Female

Age 2 y 11 m 2 y 5 y 6 m 4 y 11 y 3 m 10 y 8 m

cDNA change c.427dupG
c.458dupG

c.458dupG 
(homo)

c.458dupG 
(homo)

c.1365-1387dup
c.458dupG

c.1118G>A
c.458dupG

c.690dupC
c.458dupG

Birth length/cm 42 NA 45 NA 41 NA

Birth weight/g 2000 NA 2550 NA 2700 2300

Current height/cm 79 (-3.8 SD) 74 (-3.8 SD) 93 (-4.1 SD) 85 (-5.8 SD) 116.1 (-4.3 SD) 132.4 (-2.5 SD)

Current weight/kg 9.6 8.5 13.5 11.5 24 40.5

Growth retardation + + + NA + +

Triangular face + + - NA + +

Low nasal bridge + + - NA + +

Frontal bossing + + - NA + +

Normal intelligence + + + NA - +

Delayed bone age - - + NA + -

Bone change - - - NA Smaller pelvic
Long slender bones

Smaller pelvic
Long slender bones

SD: standard deviation, NA: not applicable, y: year, m: month
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Introduction

Neonatal diabetes mellitus (NDM) is a disorder characterized 
by persistent, severe hyperglycemia presenting during the 
first six months of life (1,2,3). It can infrequently present 
between the ages of six months to one year (1,2,4). NDM 
is rare with a reported incidence of 1 in 90,000 live births 
(1,2,4). According to the phenotypic characteristic of insulin 
requirement the cases of NDM can be categorized as 
transient (TNDM) or permanent (PNDM) (3,5). In up to 80% 

of the cases, a genetic mutation has been recorded (2,3). 
These mutations cause neonatal diabetes mellitus through 
three major pathophysiological processes: malformed 
pancreas with abnormal beta cells; functional alteration of 
insulin secreting cells causing abnormal insulin synthesis; 
and destruction of beta cells (1,2).

Anomalies of the 6q24 locus and mutations of the ABCC8 
and KCNJ11 genes are frequent genetic causes of abnormal 
beta cell function (1). These defects and UDP 6 mutation 

Clinical and Genetic Characteristics and Outcome in Patients with 
Neonatal Diabetes Mellitus from a Low Middle-income Country

 Ishara Minuri Kumarasiri,  Thabitha Jebaseeli Hoole,  Manimel Wadu Akila Nimanthi,  Imalka Jayasundara, 
 Reha Balasubramaniam,  Navoda Atapattu

Lady Ridgeway Hospital for Children Colombo, Clinic of Paediatric Endocrinology, Colombo, Sri Lanka

Abstract
Neonatal diabetes mellitus (NDM) is a disorder characterized by persistent, severe hyperglycemia presenting during the first six months of 
life. These disorders are rare and the incidence is approximately 1 in 90,000 live births. The aim was to describe the clinical presentation, 
molecular genetics and outcome of patients with NDM from a single paediatric endocrine center from a low-middle income country, 
Sri Lanka. A retrospective study was conducted on patients diagnosed with NDM. Medical records were reviewed for demographic data 
and data on clinical, biochemical and genetic analysis. The majority (96%) who underwent mutation analysis had pathogenic genetic 
mutations on Sanger sequencing. Permanent NDM (PNDM) was diagnosed in 19 patients with three having a syndromic diagnosis. 
The most common mutation was in KCNJ11. The majority of patients with PNDM (63%) presented with severe diabetic ketoacidosis. 
All patients with Transient NDM remitted by six months of age. Nearly half (47%) with PNDM were switched to sulfonylurea therapy 
with good glycemic control (glycosylated haemoglobin A1c ranged 6-7.5%). Data from the Sri Lankan cohort is comparable with other 
populations. The majority of cases are due to KCNJ11 mutations resulting in PNDM. 
Keywords: Neonatal diabetes, genetics, clinical features, management, follow up

What is already known on this topic?
Neonatal diabetes mellitus (NDM) is a rare disorder where a genetic defect is identified in 80% of cases. The confirmation of these 
genetic defects plays a major role in further management and follow up of these patients.

What this study adds?
This study reports a genetic diagnosis in 96% of the cases of NDM, investigated retrospectively, in a cohort of patients from Sri Lanka.

Cite this article as: Kumarasiri IM, Hoole TJ, Nimanthi MWA, Jayasundara I, Balasubramaniam R, Atapattu N. Clinical and Genetic Characteristics and 
Outcome in Patients with Neonatal Diabetes Mellitus from a Low Middle-income Country. J Clin Res Pediatr Endocrinol. 2024;16(4):507-513

DOI: 10.4274/jcrpe.galenos.2024.2024-2-17

http://orcid.org/0000-0002-8492-5734
http://orcid.org/0000-0002-8665-3576
http://orcid.org/0000-0001-5284-3286
http://orcid.org/0000-0001-7726-8812
http://orcid.org/0000-0003-3822-0757
http://orcid.org/0000-0002-3398-2536


Kumarasiri IM et al.
Neonatal Diabetes Mellitus Low - Middle-income Country

J Clin Res Pediatr Endocrinol
2024;16(4):507-513

508

often cause TNDM (3,6). Mutations in ABCC8 and KCNJ11 
are common in families without consanguinity (7). These 
mutations are also responsible for causing Maturity Onset 
Diabetes of the Young-MODY (7). 

Genetic causes of PNDM remain obscure in most cases. 
In the non-consanguineous PNDM population, mutations 
in the ATP sensitive potassium channel and mutations in 
the INS gene are the most common finding, whereas in 
consanguineous families’ mutations in the INS, GCK and 
EIF2AK3 genes account for the majority of cases (3).

Studies on clinical and genetic characteristics of patients 
with NDM in South Asia are scarce. The diagnosis and 
genetic confirmation of these patients opens an avenue to 
a spectrum of management and follow up options (8). The 
aim of this study was to describe the clinical presentation, 
molecular genetics and long term follow up of a cohort of 
24 patients with NDM from a single paediatric endocrine 
center in Sri Lanka.

Case Report

Study Design and Participants

Patients 

An observational study of 24 registered cases of NDM 
presenting before one year of age were included.

Methods

Information collected from patients’ records included 
demographic data (gender, age), clinical presentation, 
anthropometric measurements, laboratory findings at 
diagnosis, details on genetic analysis, treatment methods, 
comorbidities and adequacy of glycemic control on 
follow up. At diagnosis, the onset of diabetes mellitus 
and its complications were based on assessment of blood 
glucose levels, blood gases and electrolytes. Assessment of 
glycemic control was based on three monthly glycosylated 
haemoglobin A1c (HbA1c) levels. The values of HbA1c were 
categorized as good control (6-7.5%), fair control (7.51-9%), 
and poor control (>9%). Anthropometric measurements 
were taken by medical officers. Weight, height and body 
mass index were expressed as standard deviation scores 
according to the Centre for Disease Control and Prevention 
2000 growth charts.

Genetic Analysis

Written, informed consent was taken from parents of 
patients who underwent genetic testing. Peripheral blood 
samples for genetic analysis were sent to University of 
Exeter Medical School, Exeter, United Kingdom. Genetic 

testing was undertaken for ABCC8, KCNJ11, INS and other 
mutations known to cause NDM. Analysis of the coding 
regions and exon/intron boundaries were done by targeted 
next generation sequencing. Sanger sequencing analysis 
and targeted next generation sequencing was used to 
confirm the genetic mutation in appropriate cases.

Patient no. 19 with trisomy 21 was found to have a recently 
recognised subtype of neonatal diabetes that is autoimmune 
but not human leukocyte antigen associated (Table 1). All 
other genetic causes were ruled out by sequencing and 
the NDM was found to be aetiologically caused by trisomy 
21. Unfortunately, this patient was lost to follow up after 
eight months of age with the onset of the Covid pandemic. 
Therefore, this patient was not included in the study sample.

Genetic Analysis

Of the 24 patients with NDM, 19 (79%) were diagnosed 
with PNDM and 5 (21%) had TNDM. Of the five patients 
with TNDM, three showed a 6q24 mutation. The remaining 
two TNDM patients showed mutations, one in the ABCC8 
gene and the other patient in the INS genes. The genetic 
mutations responsible for the cases of PNDM are illustrated 
in Figure 1.

Twenty fathers of the 24 NDM patients underwent 
genetic analysis, of whom 12 were unaffected, five were 
heterozygous and two showed non paternity. One father 
was affected and he is currently on sulfonylurea therapy 
with well-controlled diabetes (HbA1c 6.8).

Clinical Presentation

Half of the 24 patients (50%) were female. and 12 (50%) 
were male. The age at presentation is shown in Figure 

Figure 1. Genetic etiology of the patients with PNDM cohort

PNDM: permanent neonatal diabetes mellitus
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2. A point of interest is that 4 out of the 5 patients with 
TNDM presented before four weeks of age. Furthermore, 
Patient 9 presented at 40 weeks and Patient 21 presented 
at 28 weeks. Both of these patients who presented after six 
months of age were positive for the ABCC8 mutation. 

Of the 19 patients with PNDM, 12 (63%) presented with 
severe diabetic ketoacidosis (DKA). Five of the 12 who 
presented with severe DKA were complicated with severe 
hypernatremia (serum sodium >170 mmol/L) and four 
patients suffered from stroke. 

Complications and Comorbidities 

Patient 7 who presented with severe DKA and severe 
hypernatremia underwent amputation of the toes of the 
right lower limb due to thrombosis of the peripheral vessels. 
The initial peripheral cyanosis extended above the ankle. 
However, with low molecular weight heparin infusion the 
dry gangrene was confined to the toes which required 
amputation.

Patient 13 with the EIF2AK3 mutation causing Wolkott 
Rallison syndrome has had three episodes of liver failure, 
genu valgum, scoliosis and atlanto occipital subluxation 
requiring fixation. Despite this, he succumbed to severe 
pneumonia at eight years of age. 

Patient 14, also with Wolkott Rallison syndrome, is currently 
being followed up at the clinic with a mean HbA1c of 8%. 
However, he is severely disabled with kyphoscoliosis and is 
wheel chair bound.

Patient 15 with immune-mediated polyendocrinopathy and 
enteropathy X-linked (IPEX) syndrome caused by a FOXP3 
mutation, presented with nephrotic syndrome and alopecia 

and was found to have NDM at 11 months of age. He passed 
away at 2 years of age due to severe pneumonia and pleural 
effusion complicated by sepsis.

Follow-up

All patients with TNDM were weaned off drugs by six 
months of age with regular monitoring of HbA1c levels.

Eight patients (42%) with PNDM, including Patient 20 
whose genetic etiology is unknown, are receiving insulin 
with fair glycemic control (mean HbA1c of 8%). The nine 
patients who made a successful switch to sulfonylureas have 
good glycemic control with mean HbA1c of 7.3%. These 
patients are being regularly followed up at the clinic in view 
of evaluation for development of complications of diabetes 
and assessment of growth and development.

Of the four patients who suffered from a stroke at 
presentation, two have exhibited delay in achieving age-
appropriate developmental milestones.

All patients, apart from Patient 14 with Wolkott Rallison 
syndrome, are showing satisfactory weight and height gain.

Discussion

In the past there have been a number of reports on clinical 
characteristics of NDM in European and Middle Eastern 
cohorts. To date there have been no published reports from 
Sri Lanka on comprehensive data on NDM, including genetic 
analysis. This is mainly because data on NDM, especially in 
view of long term follow up and genetic analysis is scarce. 
We present the clinical presentation, genetic analysis 
and glycemic control of patients with NDM from a single 
paediatric endocrine center in Sri Lanka.

Genetic Analysis

In comparison to the percentage of patients with PNDM in 
the Israeli cohort (57%), the American cohort (70%) and the 
Indian cohort (50%), our cohort had a frequency of PNDM 
of 83%, which is markedly higher than in the other cohorts 
(2,3,9). The most common genetic etiology for PNDM was 
mutations in the KCNJ11 gene (42%). This finding agrees 
with previous records of European and Middle eastern 
populations where mutations of the ABCC8, KCNJ11 and 
INS genes were found to be the most frequent etiologies for 
PNDM (3,7).

Of the 19 patients with PNDM, three tested positive for 
genetic mutations consistent with syndromic forms of 
PNDM. Two were positive for the EIF2AK3 mutation and 
one was positive for the FOXP3 mutation. Mutations in 
transcription factors involved in embryological development Figure 2. Age at presentation
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Table 1. Results of genetic analysis and management of the neonatal diabetes mellitus cohort population
Patient 
no.

Status Current 
management

Mutation Maternal status Paternal status

1 PNDM Sulfonylurea 
therapy

Gene - KCNJ11 
Zygosity - Heterozygous 
HGVS description -NM_000525.3:c.602G>A p.(Arg201His) 
Location: GRCh37 (hg19)
Chr11:g.17409037
Classification - Pathogenic 

Unaffected Affected

2 PNDM Sulfonylurea 
therapy

Gene: KCNJ11 
Location: Exon 1 
DNA Description: c.149G>A
Protein Description: p.Arg50Gln (p.R50Q) Consequence: Missense 

Unaffected Unaffected

3 PNDM Insulin Gene: KCNJ11 
Location: Exon 1 
DNA Description: c.149G>C
Protein Description: p.Arg50Pro (p.R50P) Consequence: Missense 

Unaffected Unaffected

4 PNDM Sulfonylurea 
therapy

Gene: KCNJ11
DNA Description: c.2972G>A 
Protein Description: p.Ser991Asn (p.S991N) Consequence: Missense 

Unaffected Unaffected

5 PNDM Sulfonylurea 
therapy

Gene: KCNJ11 
Location: Exon 1 
DNA Description: c.175G>A
Protein Description: p.Val59Met (p.V59M) Consequence: Missense 

Unaffected Unaffected

6 PNDM Sulfonylurea 
therapy

Gene: KCNJ11
DNA Description: c.136C>T 
Protein Description: p.(His46Tyr) 
Consequence: Missense 

Unaffected Unaffected

7 PNDM Sulfonylurea 
therapy

Gene: KCNJ11 
Location: Exon 1 
DNA Description: c.136C>T
Protein Description: p.(His46Tyr) Consequence: Missense 

Unaffected Unaffected

8 PNDM Sulfonylurea 
therapy

Gene: KCNJ11
Zygosity - heterozygous
HGVS description -
NM_000525.3:c.175G>A.p(Val59Met)
Location - Chr11:g.17409464
Classification - pathogenic

Unaffected Unaffected

9 PNDM Sulfonylurea 
therapy

Gene - ABCC8
DNA Description: c.265C>T 
Protein description: p.Arg89Cys (p.R89C) 
Consequence: Missense 

Heterozygous Single mother

10 PNDM Insulin therapy Gene: ABCC8 
Location: Exon 38 
DNA Description: c.4568T>A
Protein Description: p.(Val1523Glu) Consequence: Missense 

Affected Heterozygous

11 PNDM Sulfonylurea 
therapy

Gene - ABCC8 
Zygosity - Heterozygous 
Inheritance - Maternal 
HGVS description - NM_001287174.1: c.970G>Ap.(Val324Met) 
Location -Chr11:g.17482076C>T 
Classification - Pathogenic

Heterozygous Unaffected

12 PNDM Insulin therapy Gene: GCK 
Location: Exon 5 
DNA Description: c.562G>A
Protein Description: p.Ala188Thr (p.A188T) Consequence: Missense 

Unaffected Unaffected

13 PNDM Deceased Gene: EIF2AK3 
Location: Exon 13 
DNA Description: c.2588T>G
Protein Description: p.Leu863Ter (p.L863*) Consequence: Nonsense 

Heterozygous Non paternity

14 PNDM Insulin therapy Gene: EIF2AK3 
Location: Exon 14 
DNA Description: c.2972G>A
Protein Description: p.Ser991Asn (p.S991N) Consequence: Missense 

Heterozygous Heterozygous
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Table 1. Continued
Patient 
no.

Status Current 
management

Mutation Maternal status Paternal status

15 PNDM Deceased Gene: FOXP3 
Location: Exon 12 
DNA Description: c.1236G>C
Protein Description: p.Glu412Asp (p.E412D) Consequence: Missense 

Heterozygous Non paternity

16 PNDM Insulin therapy Gene: INS 
Location: Exon 3 
DNA Description: c.265C>T
Protein Description: p.Arg89Cys (p.R89C) Consequence: Missense 

Unaffected Unaffected

17 PNDM Insulin therapy Gene: INS 
Location: Exon 3 
DNA Description: c.265C>T
Protein Description: p.Arg89Cys (p.R89C) Consequence: Missense 

Unaffected Unaffected

18 PNDM Insulin therapy Gene - INS
DNA Description: c.149G>A 
Protein Description: p.Arg50Gln (p.R50Q) 
Consequence: Missense

Heterozygous Heterozygous

19 PNDM Lost to follow up Where all other genetic causes have been ruled out by sequencing, 
neonatal diabetes in patients with Down syndrome is aetiologically 
caused by trisomy 21. This recently recognised subtype of neonatal 
diabetes is autoimmune but is not HLA associated. 

Not checked Not checked

20 PNDM Insulin therapy No mutation identified Not checked Not checked

21 TNDM Off drugs Gene: ABCC8 
Location: Exon 8 
DNA Description: c.1238C>G
Protein Description: p.Thr413Ser (p.T413S) Consequence: Missense 

Heterozygous Unaffected

22 TNDM Off drugs Gene - INS
Zygosity - Homozygous 
Inheritance - Biparental
HGVS description - NM_001185098.1:c.-3 
Location: GRCh37 (hg19)17A>C, p.?
Chr11:g.2182518
Classification - uncertain significance

Heterozygous Heterozygous

23 TNDM Off drugs Partial hypomethylation at the TND locus. This finding is consistent 
with a diagnosis of TND caused by a duplication of 6q24 of paternal 
origin. 

Not checked Not checked

24 TNDM Off drugs Methylation specific MLPA - Loss of methylation of the PLAGL1 DMR
Dosage analysis - Normal dosage
Informative markers tested
- D6S1668 (6P25.1)
- D6S1721 (6p24.1)
- D65S1595 (6q15)
- D6S280 (6q13)
Maternal loss of heterozygosity for all
Interpretation -
MS-MLPA detected loss of methylation at the PLAGL1 DMR in the 
patients DNA sample.
Microsatellite analysis showed no maternal contribution for 4 
polymorphic chromosome 6 markers.
The other 9 loci were not fully informative, but the patient was 
homozygous for all of them, consistent with uniparental disomy. 
This result confirms a diagnosis of TND, very likely due to paternal 
uniparental disomy at the 624 locus.

Not checked Not checked

25 TNDM Off drugs Gene - ZFP57 resulting in hypomethylation at the maternal 6q24 locus. 
Zygosity - Homozygous
Inheritance - Biparental
HGVS description -NM_001109809.2:c.844C>T
p.(Gln282*) 
Location - Chr6:g.29641044 
Classification - pathogenic

Heterozygous Heterozygous

PNDM: permanent neonatal diabetes mellitus, TNDM: transient neonatal diabetes mellitus, TND: transient neonatal diabetes, MS-MLPA: Methylation-Specific Multiplex 
Ligation-dependent Probe Amplification, DMR: differentially methylated region
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of the pancreas and elevated endoplasmic reticular stress 
giving rise to destruction of beta cells are two mechanisms 
involved in the pathogenesis of NDM in syndromic forms. 
Mutations in the EIF2AK3 gene are responsible for beta cell 
destruction due to increased endoplasmic reticulum stress 
whereas mutations in the FOXP3 gene are responsible for 
immune mediated damage to beta cells (2).

Sixty percent of the cases with TNDM tested positive for 
mutations in 6q24 gene, which is in keeping with data from 
Middle Eastern (70%) and American cohorts. Mutations 
in the ABCC8 and KCNJ11 genes were the second most 
common causes of TNDM in these cohorts (2,3). However, 
in our cohort, the other cases of TNDM were found to be 
due to a mutation in the INS and ABCC8 genes. 

Clinical Presentation

Cases of TNDM present earlier than PNDM (1,3,10). 
Moreover, patients with 6q24 mutation present earlier than 
those with potassium channel defects. This is evident in our 
cohort where 4 out of the 5 patients with TNDM presented 
before 4 weeks of age. However, the median age of 
presentation of cases with KCNJ11 or ABCC8 mutations was 
9.6 weeks. However, presentation after six months of age 
has also been reported (2). Even in our cohort, two patients 
with ABCC8 mutation and one patient with KCNJ11 mutation 
presented after 6 months of age.

Presentation with DKA was more common in patients 
with PNDM when compared with cases of TNDM (10). 
Most (78.8%) of cases with mutations of KCNJ11 or 
ABCC8 presented with DKA whereas cases with TNDM 
due to overexpression of 6q24 did not present with DKA 
in the American cohort (2). This is evident in our cohort 
where none of the cases of TNDM presented with DKA. 
This is because the duration of insulinopenia is less in 
TNDM due to the earlier age of presentation (2) and the 
potassium channel mutations giving rise to PNDM cause 
a severe lack of insulin due to hyperpolarization of the 
membrane. This leads to marked reduction in insulin 
secretion whereas in TNDM there is only a reduction in 
beta cell function giving rise to a modest reduction in 
insulin secretion (3).

During the latter part of pregnancy insulin plays a major 
growth promoting role (6). Therefore, the lack of insulin leads 
to the low birth weight (1,3). All the patients in our cohort 
with K-ATP channel mutations had normal birthweight 
(birthweight >2.5 kg).

Observation of growth parameters in our cohort revealed 
that all patients excluding Patient 14 with Wolkott Rallison 
syndrome showed satisfactory height and weight gain which 
may be attributed to proper glycemic control.

Complications and Comorbidities

Patients 1 and 2 with PNDM had a severe course complicated 
with DKA, hypernatremia and stroke. Fortunately, they 
are currently achieving age appropriate developmental 
milestones. They are on sulfonylureas therapy with good 
glycemic control (mean HbA1c 7%) (11).

Patients 3 and 12 also had a severe course complicated 
with severe DKA and stroke. However, their course was 
further convoluted with developmental delay and they are 
currently receiving multi-disciplinary care. They have a 
fairly controlled diabetes with a mean HbA1c of 8.5% (11).

The remaining 20 patients have no concerns regarding 
achievement of age-appropriate developmental milestones.

Follow-up

Successful treatment with sulfonylureas has been 
achieved in patients with ABCC8 and KCNJ11 mutations 
(1,2,3). The KCNJ11 and ABCC8 genes code for the Kir6.2 
subunit and the SUR 1 ion-channel regulator subunit of 
the K-ATP channel respectively4. Sulphonylureas act on 
the K-ATP channel to induce closure of the channels, thus 
causing release of insulin from beta cells (6). Management 
with sulphonylureas has the advantages of reducing the 
incidence of hypoglycemia and improving the neurological 
and visual impairment in patients, if introduced early 
(1,12). The most frequently used sulphonyurea in NDM 
is glibenclamide (2). Nine out of the 12 patients with 
ABCC8 or KCNJ11 mutations in our cohort are currently on 
glibenclamide with a good glycemic control (mean HbA1c 
7.3%) (11).

Eight patients with PNDM are currently on insulin 
administered according to the multiple daily dose regime. 
Initial management while the patient is on milk feeds is 
with long acting insulin agents. With the introduction of 
complimentary food, short acting insulin therapy prior to 
meals is initiated. It should be noted that due to financial 
and socio-economic constraints none of our patients are on 
insulin pumps. Furthermore, capillary sugars are checked 
using auto lancets as the luxury of continuous glucose 
monitors are not financially feasible in Sri Lanka. Glycemic 
control in this cohort is fair with mean HbA1c of 8%.

As this study was conducted in a single center in Sri Lanka 
the true incidence rate of NDM across the country cannot 
be estimated.

Conclusion

Data from our cohort is comparable with other populations. 
PNDM accounts for majority of the cases with mutations of 
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the KCNJ11 responsible for a higher percentage of the cases. 
TNDM presents at an earlier age and remits by six months 
of age. The proportion of patients with PNDM presenting 
with severe DKA is higher than in patients with TNDM. 
Patients with ABCC8 and KCNJ11 mutation more frequently 
make a successful switch to sulfonylurea therapy.

A diagnosis of NDM should be considered in neonates and 
infants with persistent refractory hyperglycaemia. Genetic 
testing should be considered, as knowledge regarding the 
specific causative genetic mutation can appreciably modify 
the course of treatment. Close follow up is required in all 
patients with NDM in view of screening for complications 
and assessment of growth and development.
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Dear Editor,

We read with interest the article by Papatya Çakır et al. (1) 
on a cross-sectional study of 26 patients with syndromic 
and non-syndromic mitochondrial disorders (MID). The 
syndromic MIDs included Leigh syndrome (n=4), LHON 
(n=2), MELAS (n=2) and KSS (n=1) (1). In 15 patients, 
MID was due to a mutation in the nDNA and in 10 patients to 
a mtDNA mutation (1). Of the 26 patients, 6 had endocrine 
involvement (1). These included ovarian insufficiency, 
central adrenal insufficiency, central hypothyroidism, 
diabetes mellitus and critical illness-related adrenal 
insufficiency (1). It was concluded that there is a high risk of 
developing hormonal deficiencies in MID (1). The study is 
excellent, but some points should be discussed.

The first point is that evaluation for endocrine disease in 
general, and specifically for endocrine involvement in MIDs, 
should include cerebral imaging, including the pituitary gland. 
Since central nervous system involvement is a common 
feature of MIDs and often manifests with morphologic or 
functional abnormalities in the hypothalamus or pituitary 
gland (empty sella, adenoma, or pituitary apoplexy) (2), 
cerebral imaging with special attention to these structures 
is essential.

The second point is that MID is usually a progressive 
disease with multisystem involvement that is either present 
at the onset of the disease or develops over the course 

of the disease. Therefore, endocrine involvement is not 
necessarily detectable in cross-sectional studies, but can 
only be found in long-term studies, which are preferable to 
cross-sectional studies. For this reason, it is recommended 
that MID patients be followed up regularly and prospectively 
screened for subclinical or mildly manifesting multisystemic 
disease, including endocrine involvement.

The third point is that MIDs often manifest with lactic 
acidosis, so we should know how many of the included 
patients had metabolic acidosis due to lactate overproduction 
in the muscle, cerebrum, myocardium or endocrine organs. 
With regard to lactic acidosis, we should know how many 
patients had elevated lactate not only in the serum but also 
in the cerebrospinal fluid (CSF). Elevated CSF lactate can 
also be documented by magnetic resonance spectroscopy, 
which usually shows a lactate peak and a reduced NAA 
peak (3). CSF lactic acidosis may secondarily affect pituitary 
functions. 

The fourth point is that polycystic ovary syndrome (PCOS) 
may be an endocrine involvement in MIDs (4). How many 
of the included patients were diagnosed with PCOS?

The fifth point is that the patient with critical illness-related 
adrenal insufficiency should not be included in the group 
with endocrine involvement. If the adrenal insufficiency 
is due to critical illness neuropathy, it is not due to the 
underlying MID. 

Keywords: mtDNA, mitochondrial disorder, endocrine organs, pituitary gland, diabetes
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The sixth point is that no reference limits were given for 
most of the parameters analysed. Therefore, it is difficult to 
interpret whether a particular value is within or outside the 
normal range.

The seventh point is that patient 26 had a non-coding 
variant in MT-CR, suggesting that this nucleotide change 
was not pathogenic. How was the pathogenicity of the 
m.16519T>C variant confirmed? 

In summary, this interesting study has limitations that put the 
results and their interpretation into perspective. Addressing 
these limitations could strengthen the conclusions and 
corroborate the message of the study. Endocrine system 
involvement is a common clinical manifestation of MID 
that can affect all endocrine organs and requires long-term 
follow-up, as it may not appear at the onset of the disease 
but may develop as the disease progresses. A comprehensive 
examination is required for early detection of endocrine 
disease in MID patients.
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Dear Editor,

In response to Josef Finsterer’s (1) letter, we would like to 
thank him for his interest in our study, and give a chance to 
us to emphasize and clarify a few points.

If we consider the first point in this letter regarding this 
article (2) we focused on all endocrinological problems in 
mitochondrial patients. We specifically mentioned pituitary 
imaging findings in patients with pituitary hormone 
deficiency. Two patients with central adrenal insufficiency 
and central hypothyroidism showed no abnormalities on 
their pituitary imaging. We provided detailed information 
about patients no. 20 and 21 under the subheadings of 
central adrenal insufficiency and central hypothyroidism in 
the results section of our article, stating that their pituitary 
magnetic resonance imaging (MRI) was normal.

Patient no. 20 had normal sella turcica contours 
and dimensions. Neurohypophysis showed normal 
hyperintensity. The infundibulum is in the midline, and its 
thickness were normal. We observe widespread T2-FLAIR 
pathological signal increases in both periventricular deep 
white matter and cortical deep white matter in brain MRI. 

This localization clearly identifies perivascular areas. Corpus 
callosum was thin. In the last control, there was no other 
hormone deficiency, especially pituitary hormones, and 
the annual growth rate was normal. Patient no. 21 has 
passed away. The brain MRI of the patient with global 
developmental delay revealed minimal hypoplasia in the 
brain stem and mild hypoplasia in the vermis. We observed 
variation in the cavum septum pellucidum et vergae. Both 
occipital localizations showed signal increases in FLAIR 
sequences in cortical-subcortical areas.

Secondly, our patient group includes different types of 
mitochondrial diseases, and their ages and follow-up 
periods were also variable. Our priority was to determine 
the current status in our group. This study is a preliminary 
study, and the follow-up of the patients is ongoing. Our 
studies targeting specific endocrine problems, including 
imaging, will continue in the future.

Lactic acidemia does not necessarily indicate the presence 
of mitochondrial diseases, a low value does not rule out 
mitochondrial disease, and a high value is a supportive 
finding (3). Lactate elevations in 5/26 patients were just 
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above the limit (21-82.56 mg/dL). Laboratory reference 
values were 4.5-20 mg/dL. Lactate levels were normal in 
1/26 patients during follow-up, with a maximum of 10.3 mg/
dL (patient no. 18). Although lactate levels in the remaining 
20 patients decreased during treatment, basal lactate levels 
at diagnosis were 1.5 times higher than the upper limit 
(30.6-82.56 mg/dL). Among our two patients with pituitary 
hormone deficiency, patient no. 20 had a significant lactate 
elevation. Patient no. 21 also had a slightly elevated lactate 
level.

Twenty-two of our patients were in pubertal stage 1, and 
ten of them were female. These patients did not exhibit 
polycystic ovarian syndrome. There were two female patients 
in pubertal stage 5, one of whom had hypergonadotropic 
hypogonadism, and pubertal development and regular 
menstruation was achieved with pubertal hormone 
replacement therapy. To date, the other patient has no 
menstrual abnormalities and no clinical or biochemical 
hyperandrogenemia findings.

The hypothalamic-pituitary and adrenal axes play an 
important role in the stress response. Centrally activated 
hypercortisolism is considered the cornerstone of the 
human endocrine stress response. Adrenal insufficiency due 
to a critical illness does not develop in every patient, and 
although it is not a true hormone deficiency, we included 
it in this group because it developed in our patient with 
mitochondrial disease. Since critical illnesses and severe 

infections intensify the current energy crisis, leading to 
increased oxidative stress and decreased ATP synthesis, 
and obstruct the synthesis pathways, this situation is also 
regarded as evidence supporting mitochondrial insufficiency. 
In adrenal insufficiency due to a critical illness, the cortisol 
response, cortisol clearance, and cortisol receptor shift 
change within days. Although cortisol production is low, 
the cortisol value in circulation is high. We believe it is 
important to report this situation, as it indicates a functional 
cortisol deficiency. We conducted a retrospective study in 
our hospital’s pediatric intensive care unit, examining data 
from 1,956 patients followed up in the tertiary intensive 
care unit for various reasons over a 5-year period, and 
found that only 79 patients developed critical illness-related 
adrenal insufficiency (4).

Laboratory reference values, primarily follicle-stimulating 
hormone, luteinizing hormone, estradiol, insulin-like growth 
factor-1, and IGFBP-3, vary according to age and gender. 
Therefore, they are given as standard deviations. For other 
parameters, average values that can be used for children 
aged 4-10 are added to the table below (Table 1).

Patient no. 26, who carries the 16519 T>C mutation in MT-
CR, is diagnosed with mitochondrial disease and exhibits 
the Kearns-Sayre syndrome phenotype. The number of 
confirmed variants in MitoMap is only 96. Variants reported 
as disease-related but not yet confirmed form a large group 
of nearly a thousand variants. MitoMap classifies the variant 

Table 1. Biochemical and hormonal profiles of the study population

Number of patients
(%)

Mean±SDS or
Median (min-max)

TSH (mIU/mL) (0.6-4.84) 26 (100) 2.49±1.27 

Free T4 (ng/dL)* (median, IQR) (0.97-1.67) 26 (100) 1.25 (0.85-4.09)

Free T3 (pg/mL) (2.53-5.22) 19 (73) 3.97±0.95 

ACTH (pg/mL)* (median, IQR) (7.2-63.3) 26 (100) 35 (4-365)

Cortisol (µg/dL)* (median, IQR) (6.2-22.6) 26 (100) 14.95 (5-68)

Calcium (mg/dL) (8.4-10.2) 26 (100) 9.79±0.56 

Phosphorus (mg/dL) (2.9-5.1) 26 (100) 4.57±0.91 

Magnesium (mg/dL) (1.7-2.2) 26 (100) 2.1±0.18 

ALP (U/L) (57-254) 26 (100) 203.5±71.52 

PTH (pg/mL) (15-65) 26 (100) 38.63±23.59

25-hydroxy vitamin D (ng/mL)* (median, IQR) (20-80) 26 (100) 20 (4.71-94.2)

HbA1c %* (median, IQR) (4-6) 26 (100) 5.2 (4.7-7.25)

FSH (mIU/mL)* (median, IQR) 6 (23) 9.5 (3.05-280)

LH (mIU/mL)* (median, IQR) 7 (26.9) 8.3 (0.85-66)

IGF-1 (ng/mL) SDS* (median, IQR) 23 (88.5) 0.6 (-2.1-9.03)

IGFBP-3 (mg/L) SDS* (median, IQR) 22 (84.6) -0.25 (-2.38-7.07)

*Non-parametric disturibition according to Kolmogorov-Smirnov test.
Normal values for laboratory parameters are indicated in parentheses beneath the parameter. 
SDS: standard deviation score, TSH: thyroid-stimulating hormone, ACTH: adrenocorticotropic hormone, ALP: alkaline phosphatase, PTH: parathyroid hormone, IQR: 
interquartile range, FSH: follicle-stimulating hormone, LH: luteinizing hormone IGF-1: insulin-like growth factor-1, min-max: minimum-maximum
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in question as disease-related and possibly pathogenic in 
silico, leading to its inclusion in the publication (5). However, 
it is important to remember that deletion-type mutations, 
another potential cause of the disease, are present in muscle 
tissue but not in peripheral blood.

We also agree with you that endocrine system involvement 
in mitochondrial diseases can affect all endocrine organs 
and may not occur at the beginning of the disease but may 
develop as the disease progresses, requiring long-term 
follow-up. 

We thank you for your interest and suggestions in our study. 

Footnotes

Authorship Contributions

Surgical and Medical Practices: Esra Deniz Papatya Çakır, 
Melike Ersoy, Concept: Esra Deniz Papatya Çakır, Melike 
Ersoy, Design: Esra Deniz Papatya Çakır, Melike Ersoy, Data 
Collection or Processing: Esra Deniz Papatya Çakır, Melike 
Ersoy, Nihan Çakır Biçer, Asuman Gedikbaşı, Analysis or 
Interpretation: Esra Deniz Papatya Çakır, Melike Ersoy, 
Nihan Çakır Biçer, Asuman Gedikbaşı, Literature Search: 
Esra Deniz Papatya Çakır, Melike Ersoy, Nihan Çakır Biçer, 
Asuman Gedikbaşı, Writing: Esra Deniz Papatya Çakır.

Financial Disclosure: The authors declared that this study 
received no financial support.

References
1.	 Finsterer J. Involvement of the Endocrine System is Common in 

Mitochondrial Disorders and Requires Long-term Comprehensive 
Investigations. J Clin Res Pediatr Endocrinol. 2024;16:514-515.

2.	 Papatya Çakır ED, Ersıoy M, Çakır Biçer N, Gedikbaşı A. Endocrine 
Disorders in Children with Primary Mitochondrial Diseases: Single-
Center Experience. J Clin Res Pediatr Endocrinol. 2024. 

3.	 Parikh S, Goldstein A, Koenig MK, Scaglia F, Enns GM, Saneto R, 
Anselm I, Cohen BH, Falk MJ, Greene C, Gropman AL, Haas R, Hirano 
M, Morgan P, Sims K, Tarnopolsky M, Van Hove JL, Wolfe L, DiMauro 
S. Diagnosis and management of mitochondrial disease: a consensus 
statement from the Mitochondrial Medicine Society. Genet Med. 
2015;17:689-701. 

4.	 Kiğılı G, Papatya Çakır ED, Akçay N, Sevketoğlu E. Retrospective 
evaluating of the patients with critical illnes-related corticosteroid 
insufficiency in pediatric intensive care unit. BMJ Paediatrics Open. 
2024;8(Suppl 5):35-36. 

5.	 MITOMAP: A Human Mitochondrial Genome Database. Last 
Accessed Date: 21.09.2024. Available from: http://www.mitomap.
org,2023.https://www.mitomap.org/foswiki/bin/view/MITOMAP/
MutationsCodingControl



Abdullah Bereket

Abeer Alassaf

Ahmet Anık

Ahmet Arman

Ahmet Uçar

Albara Marwa

Andre Megarbane

Arzu Jalilova

Aşan Önder Çamaş 

Atilla Çayır

Ayça Aktaş

Ayça Altıncık

Ayça Aykut

Aydilek Dağdeviren Çakır

Ayhan Abacı

Aylin Kılınç Uğurlu

Ayşe Pınar Cemeroğlu

Aysun Ata

Bahar Özcabı

Bayram Özhan

Behzat Özkan

Belma Haliloğlu

Bülent Hacıhamdioğlu

Cengiz Kara

Christiaan F. Mooij

Costanza Chiapponi

Cristiane Kochi

David Rodriguez-Buritica

Deniz Ökdemir

Deniz Özalp Kızılay

Dhivyalakshmi Jeevarathnam

Doğa Türkkahraman

Durmuş Doğan

Eda Bitkin

Eda Mengen

Edip Ünal

Elena Lundberg

Elias Doubravka

Elif Sağsak

Elvan Bayramoğlu

Emine Çamtosun

Engin Köse

Erdal Eren

Erdem Durmaz

Eren Er

Esma Demirhan

Esra Deniz Papatya Çakır

Fahinur Ertuğrul

Fatma Ceren Sarıoğlu

Fatma Dursun

Gerdi Tuli

Giorgio Sodero

Gül Yesiltepe-Mutlu

Gülay Karagüzel

Gülçin Gerçeker

Günay Demir

Gürkan Tarçın

Güven Özkaya

Hakan Döneray

Hale Tuhan

Hande Taylan Şekeroğlu

Hande Turan

Hasan Önal

Hermann L. Müller

Heves Kırmızıbekmez

İbrahim Mert Erbaş

İhsan Esen

İhsan Turan

Jaime Toral López

John Fuqua

Jose Bernardo Quintos

Julie Harvengt

Justin Davies

Kemal Ağbaht

Korcan Demir

Kübra Pınar Gürkan

Leyla Akın

Lourdes Balcázar-Hernández

Lütfiye Altay

Malcolm Donaldson

Marcus Stange

Marek Niedziela

Mark R. Garrelfs

Medha Mittal

Mehmet Eltan

Mehmet Emre Atabek

Mehmet Nuri Özbek

Melek Yıldız

Meral Torun Bayram

Mitchell Geffner

Mona Mamdouh Hassan

Natalia Polidorio

Nazlı Gönç

Necati Uzun

Nihal Hatipoğlu

Noriyuki Namba

Nurdan Çiftci

Nursel Muratoğlu Şahin

Olcay Evliyaoğlu

Olivia Al-Mutasim Al-Hassan

Oya Zehra Uyguner

Ömer Tarım

Özge Besci

Paola Duran Ventura

Paul Kaplowitz

2024 REFEREE INDEX



Pelin Teke

Prapai Dejkhamron

Rachna Pasi

Rahmi Özdemir

Roberto Bogarin

Rosario Ferrigno

Samim Özen

Saygın Abalı

Semra Çetinkaya

Serkan Bilge Koca

Sevgi Akarsu

Sezer Acar

Smita Ramachandran

Şenay Şavaş Erdeve

Şükrü Hatun

Tatsuhiko Urakami

Tülay Güran

Umm-Kulthum Ismail Umlai

Ülkü Gül Şiraz

Weaam Gouda

Yasemin Atik-Altınok

Yasemin Denkboy Öngen

Ying Liu

Z. Alev Özön

Zdeněk Šumník

Zehra Yavaş Abalı

Zeynep Şıklar

2024 REFEREE INDEX



A.S. Paul van Trotsenburg............................................... 95

Aashima Dabas............................................................ 192

Abdurrahman Bitkay.................................................... 160

Adem Aydın.................................................................. 185

Adviye Çakıl Sağlık......................................................... 60

Agustini Utari................................................................. 31

Ahmedyar Hasan.......................................................... 351

Ahmet Anık...........................................151, 271, 288, 361

Ahmet Uçar.................................................................. 288

Akçahan Akalın.............................................................. 76

Alberto Berardi............................................................... 50

Alessandra Boncompagni............................................... 50

Alev Bakır Kayı............................................................. 168

Alice Mirante................................................................ 314

Amajida F. Ratnasari....................................................... 31

Aman B. Pulungan.......................................................... 31

Ana Latorre-Pellicer....................................................... 211

Andrew H. Lane............................................................ 200

Ángel Matute-Llorente................................................... 211

Ángela Ascaso............................................................... 211

Angela Bitti................................................................... 334

Ankita Tyagi........................................................... 41, 279

Anna Iwańska............................................................... 264

Anna Śliwińska............................................................. 106

Anna Stępniewska........................................................ 264

Antri Miltiadous............................................................ 495

Anu Kumari............................................................ 41, 279

Anupriya Kaur........................................................ 41, 279

Anurag Agarwal............................................................ 192

Anyi Xu........................................................................ 323

Areej Al-Sunaid............................................................. 355

Ariadna Ayerza-Casas.................................................... 211

Arnika Wydra............................................................... 106

Arthur Asirvatham.................................................. 21, 244

Arunas Valiulis................................................................ 31

Asude Durmaz.............................................................. 361

Asuman Gedikbaşı........................................................ 516

Atilla Çayır............................................................ 177, 297

Axel Heep..................................................................... 443

Ayça Aykut.............................................................. 76, 361

Aydilek Dağdeviren Çakır............................................. 288

Ayfer Alikaşifoğlu..................................................... 11, 481

Ayhan Abacı......................................................... 185, 379

Aylin Kılınç Uğurlu........................................................ 160

Ayşe Pınar Öztürk................................................. 297, 450

Ayşe Yaşar.................................................................... 426

Ayşe Yüksel Yanbolu..................................................... 361

Ayşegül Ceran............................................................... 466

Aysun Ata..................................................................... 431

Ayyappan Chitra..................................................... 21, 244

Azam Alromaih............................................................ 355

Azriyanti Anuar Zaini..................................................... 411

Bahar Özcabı................................................................ 288

Bahtiyar Şahinoğlu....................................................... 344

Basim Al-Zoubi............................................................... 31

Basma Haris................................................................. 229

Beatriz Puisac................................................................ 211

Beray Selver Eklioğlu............................................ 256, 288

Bilçağ Akgün................................................................ 431

Bing-Yan Cao.................................................................. 69

Binita Goswami............................................................ 192

Birgül Kırel................................................................... 288

Biswajit Sahoo.............................................................. 192

Bitgyeol Kim................................................................. 306

Bruno Bombaci............................................................. 111

Burak Selver................................................................. 168

Carmel Smart............................................................... 245

Chang Su........................................................................ 69

Chao-Chun Zou............................................................. 367

Chiarina Grisolia............................................................. 50

Chitra Bhardwaj...................................................... 41, 279

Christiaan F. Mooij.......................................................... 95

Chun-Xiu Gong............................................................... 69

Cong Zhou.................................................................... 323

Congli Chen.................................................................. 501

Cristian Locci................................................................ 334

Çağrı Damar................................................................. 160

Çiğdem Binay............................................................... 137

Damla Gökşen...................................................... 288, 431

Dan Yu......................................................................... 372

Dario Argiolas............................................................... 334

Davide Cardile............................................................... 111

Deborah J. G. Mackay................................................... 475

Deniz Özalp Kızılay...................................................... 401

2024 AUTHOR INDEX



Devi Dayal.............................................................. 41, 279

Didem Helvacıoğlu........................................................... 4

Diksha Shirodkar.......................................................... 229

Dipesalema Joel.............................................................. 31

Doğa Türkkahraman..................................................... 146

Doğuş Vurallı...................................................................11

Dorota Majak................................................................ 106

E. Nazlı Gönç........................................................... 11, 481

Ebru Canda.................................................................. 361

Ebru Erzurumluoğlu Gökalp.......................................... 137

Ece Böber..................................................................... 185

Ecem Can..................................................................... 245

Eda Mengen................................................................. 297

Edip Ünal....................................................................... 76

Elena Llorente............................................................... 211

Eleni Papachristodoulou............................................... 495

Elif Eviz........................................................................ 245

Elif Özsu............................................... 288, 297, 340, 466 

Elif Sağsak............................................................ 288, 297

Elif Söbü....................................................................... 344

Elif Yılmaz Güleç.......................................................... 344

Elisa Pietrella.................................................................. 50

Elżbieta Moszczyńska................................................... 106

Emel Hatun Aykaç Kaplan............................................ 288

Emine Çamtosun.................................................. 256, 288

Emine Demet Akbaş..................................................... 297
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