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I feel humbled to take this opportunity to introduce the text that follows, which I am
confident, will prove to be a cerebral feast for the readers. I know Dr. Bhansali as an
astute clinician and dedicated academician and have expected his textbook to be a
perfect combination of theory and practical medicine. I am glad that this textbook
has stood up to the expectation.

This textbook covers all the significant disorders commonly encountered in pedi-
atric endocrinology practice in 12 chapters, which include first two chapters on
growth disorders followed by one chapter each on thyroid disorders, Cushing’s syn-
drome, delayed and precocious puberty, Turner syndrome, rickets, congenital adre-
nal hyperplasia (CAH), disorders of sex development (DSD), and young diabetes
and multiple endocrine neoplasia syndromes. Each chapter begins with a clinical
case vignette followed by detailed description of the topic, presented as answers to
questions of clinical relevance.

I feel the details covered in case vignette represents the proverbial “Well begun
is half done.” The cases are replete with complete details about clinical features,
examination, diagnosis, and management. However, the outstanding feature is the
discussion of differential diagnosis, with pertinent arguments for and against each
differential, which will immediately make both the practicing endocrinologists and
trainees to feel familiar with the essential logical navigation. I am sure; it would
definitely enhance their clinical approach to these disorders.

The patients’ photographs are well representative and give a lively clinical expe-
rience to readers. The discussion of the topic is enriched with well-illustrated dia-
grams and informative algorithmic flowcharts. Moreover, the underlying physiology
is explained at such places that relevance of clinical findings is enhanced. The con-
trasting features in related disorders are brought out well in tabulated forms for easy
understanding. To name a few, there are good tables comparing features of different
growth charts, merits and demerits of different GH stimulation tests, and differential
features of various DSDs. Most importantly, Indian normative references are given,
for example, those on age-specific reference range for testicular volume and
stretched penile length to suit the readers in Indian scenario. This text is abreast with
updated information on recent developments like discussion on suitability of IAP
2015 growth charts. Practical information on certain topics like that on neonatal
screening of CAH and management of CKD-MBD is particularly helpful.
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viii Foreword

On the whole, I believe this book is a “must have” for endocrine trainees and
practicing pediatric endocrinologists alike. It provides a well-abridged quick refer-
ral which will certainly enhance clinical approach to pediatric endocrine disorders
and benefit the patients at large.

I would like to complement and thank Dr. Bhansali and his colleagues whose
relentless efforts have fructified into such a well-written book.

Nalini Shah

Professor and Head,
Department of Endocrinology,
KEM Hospital,

Mumbai, India



Itis with great pleasure that I write a foreword to this book on Pediatric Endocrinology
as part of the Clinical Rounds in Endocrinology series. This book is comprised of
an impressive series of chapters covering growth disorders, puberty, thyroid, adre-
nal, rickets, Turner syndrome, endocrine neoplasia, and diabetes. Adult manifesta-
tions of pediatric endocrine disorders are also covered. The structure of the chapters
is unusually lively with a case vignette, a detailed stepwise analysis, and a series of
short questions/answers covering physiology, pathophysiology, diagnosis, manage-
ment, and treatment. [llustrative short cases are often presented as part of the chap-
ters. The chapters are richly illustrated by patient photos, imaging, figures, tables,
and decision algorithms, helping the reader to rapidly grasp the key messages. Some
but not all the chapters also have pros and cons of the various treatment options, for
instance management of hypogonadism at puberty. This book will be of interest to
all those interested in pediatric endocrinology. For the beginner, this book escapes
the traditional textbook format, but its wide series of questions covers all aspects of
the topics covered and allow a comprehensive overview. For those who are already
acquainted with pediatric endocrinology, this book is up to date with recent refer-
ences, and I am positive that there will be something for everyone there. Dr. Anil
Bhansali and his colleagues are to be commended for achieving such a comprehen-
sive and richly illustrated book that will be of interest not only to the endocrine
community in India but also in other areas of the world.

Pr Jean-Claude Carel

March 2016

University Paris Diderot, Sorbonne Paris Cité, F-75019,
Paris, France

Department of Pediatric Endocrinology and Diabetology,
and Centre de Référence des Maladies
EndocriniennesRares de la Croissance

Assistance Publique-Hopitaux de Paris (AP-HP),
HopitalUniversitaire Robert-Debré






It is a pleasure to introduce this book on Pediatric Endocrinology to you. Its unique
informal question-answer style sets it apart from the routine medical text. The ques-
tions asked are full of insight and reflect the years of teaching experience of the
authors. Most chapters start off with a case vignette and relevant issues in pathology
and physiology are woven around the cases. Management issues are taken up in
great depth. Growth, puberty, and disorders of sex development, including congeni-
tal adrenal hyperplasia, the core areas of pediatric endocrinology, are covered in
minute detail. Other relevant chapters include most issues of importance to those
treating not only children and adolescents but also those caring for the young patient
in transition to adulthood. The rich collection of patient photographs and flowcharts
makes for easy clinical learning. This book will provide useful and refreshing read-
ing for practitioners and teachers of pediatric endocrinology, endocrinology, pediat-
rics, and also clinical genetics and gynecology.

Vijayalakshmi Bhatia
Professor,

Department of Endocrinology,
SGPGI,

Lucknow, India
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Postgraduate Institute of Medical Education and Research (PGIMER), Chandigarh,
is the premier medical and research institute in India. This tertiary health-care cen-
ter, right from its days of inception, has always been at the forefront in the field of
medical sciences. The concept of endocrinology in India was originated from this
institute, and endocrinology as a super-specialty department was established way
back in 1964 at this institute by Professor G.K. Rastogi.

This department has an age-old tradition of grand academic rounds. Detailed
discussions pertaining to every aspect of patient’s care include right from analysis
of symptoms, demonstration and interpretation of signs, critical appraisal of differ-
entials, judicious use of investigations and their appropriate analysis, and finally
optimal treatment strategies. This legacy of clinical rounds was inherited from my
great teacher, Professor R.J. Dash, who had in-depth and enormous knowledge of
the subject with a great ability to critically analyze it. Several thought-provoking
questions were spontaneously generated during these interactive sessions, with
inputs and suggestions by residents and views and counter-views by the faculty
members making these clinical rounds a “sea of knowledge.” Further, this continu-
ous process of exchange of knowledge helped us in providing the best possible
medical care to our patients and growth of this super-specialty in India.

I had a long-cherished dream to compile these clinical rounds in text form with
precise information, comprehensive knowledge, and critical analysis of the facts
to facilitate the dissemination of the knowledge to endocrinologists, physicians,
pediatricians, and gynecologists.

Recently, there is a paradigm shift in the pattern of the books available in endocri-
nology with a focus on molecular endocrinology rather than on clinical endocrinol-
ogy. It was decided to write a book in the “question—answer” format as this pattern
not only simulates clinical rounds, but will also help to the health-care professionals
in dealing with challenges faced by them in day-to-day practice. Incidentally, books
in such format are not readily available, particularly in endocrinology.

The idea of writing this book was conceived, conceptualized, and formatted by
me, with utmost caution to present the scientific facts in the most comprehensive
manner and was amply supported by my team of coauthors: Dr. Girish Parthan,
Dr. Anuradha Aggarwal, and Dr. Yashpal Gogate. Dr. Soham Mukherjee and
Dr. Mandeep Singla worked untiringly with me for the last 1 year in reviewing the
literature, adding clinical images, tables, and illustrations, and finally editing the
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text to make the book in its present shape. Further, the decision of adding the case
vignette was strongly propounded by Soham; otherwise, this book would have been
incomplete. The whole process in itself was a great learning experience.

This book on pediatric endocrinology includes 12 chapters covering disorders of
the pituitary, adrenal, thyroid, parathyroid, gonads, and diabetes. Most chapters
begin with a case vignette, followed by a stepwise analysis of the case including
diagnosis and management, and subsequently a series of question and answers.
Another salient feature of this book is a multitude of clinical images, illustrations,
tables, and algorithms for better understanding of the clinical problem.

We hope this endeavor will help health-care professionals to conceptualize the
subject of endocrinology and will translate into better patient management.

Anil Bhansali
Anuradha Aggarwal
Girish Parthan
Yashpal Gogate
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1.1 Case Vignette

A 9-year-old boy presented with complaint of growth failure since 2 years of age.
He was a product of non-consanguineous marriage and was delivered at term by
normal vaginal delivery. His birth weight was 3.3 Kg and he had normal Apgar
score. However, data of his birth length was not available. He had history of pro-
longed physiological jaundice, that lasted for 3 weeks and required phototherapy for
its resolution. There was no history of any episode of hypoglycemia. His develop-
mental milestones were normal, except delay in walking which was due to congeni-
tal dislocation of his left hip. The growth velocity data available, showed his height
at 1 year of age was 65 cm, at second year 75 cm, and later at the age of 9 year it
was 96 cm with annual growth velocity of approximately 3 cm/year from third year
of age onward. He has good scholastic performance and now is studying in fourth
standard. There was no history of any systemic illness, chronic diarrhea, drug intake
(e.g., steroid), head injury, meningitis/encephalitis, headache, and visual defects.
He had no history of fatigue, lethargy, irritability, somnolence, or constipation. His
both parents were short and were at <3 percentile. He has one sibling with normal
history of growth and development. On examination, his height was 96 cm (-7 SDS,
height age 3 years, target height 164 cm), upper and lower segment ratio 1.2, arm
span 92 cm, weight 21.2 Kg (weight age 6 years), and BMI 23 Kg/m? (>95™ percen-
tile). He had cherubic face with frontal bossing, depressed nasal bridge, midfacial
hypoplasia, low-set ears, and poor dentition with crowded teeth. He had no goiter.
His blood pressure was 90/60 mmHg. He had bilateral palpable testes with testicu-
lar volume of 1 ml and stretch penile length of 2 cm with Tanner staging of A _ P;.
He had bilateral palpable testes with testicular volume of 1 ml and stretched penile
length of 2 cm, and he had bilateral lipomastia. Systemic examination was unre-
markable except shortening of his left lower limb with restriction of movement at
the left hip joint. On investigations, his hemoglobin was 10 g/dl with normal total
and differential leukocyte counts. Renal and liver function tests, electrolytes (K* and

© Springer India 2016 1
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2 1 Disorders of Growth and Development: Clinical Perspectives

HCO;"), calcium profile, and IgA tTG were normal. Hormonal profile showed
serum T, 6.7 pg/dl (N 4.8-12.7), TSH 4.6 pIU/ml (N 0.27-4.2), 0800h cortisol
140 nmol/L (N 171-536), LH <0.1 mIU/ml (N 1.7-8.6), FSH 0.52 mIU/ml (N 1.5-
12.4), testosterone <0.08 nmol/L. (N 9.9-27.8), prolactin 5.07 ng/ml (N 4-15.2),
and IGF1 50 ng/ml (N 58—401). GH response to insulin-induced hypoglycemia and
clonidine stimulation test, after priming with estrogen, were performed and showed
subnormal peak GH response to both these stimuli (<0.03 ng/ml for both). Peak
cortisol response to insulin-induced hypoglycemia was also suboptimal
(150 nmol/L). His bone age was 7 years. CEMRI sella showed small pituitary with
normal midline stalk and eutopic posterior pituitary bright spot. X-ray pelvis showed
dislocation of left hip joint. With this profile, a diagnosis of multiple pituitary hor-
mone deficiency (GH and ACTH) was considered, and patient was initiated with
rhGH at doses of 0.3 mg/Kg/week and hydrocortisone 2.5 mg twice a day. With this
treatment, the growth velocity during first year was 11 cm and during second year
was 14 cm, and after 2 years of initiation of rhGH therapy, the height increased from
96 to 121 cm. His weight increased from 21 to 41 Kg, possibly due to immobiliza-
tion during his surgery for hip dislocation. After 3 months of initiation of rhGH, the
serum T, level declined to 5.2 pg/dl and he was initiated with 50 pg/day of
L-thyroxine. Serum IGF1 levels were 378 ng/ml (N 70-458) and 251 ng/ml (N
82-516) after first and second years of therapy, respectively. No adverse event was
noted during the course of therapy (Fig. 1.1).



1 Disorders of Growth and Development: Clinical Perspectives 3

Fig.1.1 A child with GH deficiency. Note (a) cherubic face, frontal bossing and midfacial hypo-
plasia (b) short stature, micropenis, and lipomastia. (¢) CEMRI sella showing hypoplastic pituitary
(red arrow). (d) X-ray pelvis demonstrating congenital hip dislocation (red arrow). (e, f)
Improvement in facial features and height gain after 2 years of thGH therapy. (g) Growth chart
showing catch-up growth after initiation of rhGH therapy
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Fig.1.1 (continued)



1 Disorders of Growth and Development: Clinical Perspectives 5
9 2 to 20 years: Boys NAME
Stature-for-age and Weight-for-age percentiles RECORD #
12 13 14 15 16 17 18 19 20
Mother's Stature —______ Falher's Stalure : =t b - Temd in
Date Age Weight Stature BMI* 7 A:GE _(YEA:RS): " ; ; 76
EEEE== ;:190'—?4—
T % 1 s
/| 75 T
7 180+
v/ EEE 704 A
i 175 T
*To Calculate BMI: Weight (kg) + Stature [cm) = Stature (cm) x 10,000 / ] 170‘-68- u
or Weight (Ib) + Stature (in) - Stature {in) x 703 / / ’-"______‘o_ 66 R
in remT—3—4—5—6—7 8910~ 11 // /'// — 5 165-_64_ E
160 g = 1601
624 /// ,/ 62—
L1155 155+
S Lo ¥4 -60-
T 150 , 150+
? _58.‘_145 //////{
u 564 HNAAAN _
140 7 1054230
R sad //' /] |
E 135 Vi / 1001220
bt / /
21130 ,//// ,// 054951210
071425 / // 74 L~ 1| gofe0o;
484 00 WA /1 F] e 11901
/ T {=1e)
M0 hs / a Ji / g0{'%
44116 // 74 / /] B ?5_-1?0-
4 / 4 160
4278105 //// / b /. —psot-701, o
- al g
40,001/ A - / : ==== 651140 5
38 g5 // /74 /)l/ '/ : /,/ = Ea 60{130]
L. 10—
B IN////4 hh AXTA A LT 551120) H
el T REAR vaBE e T
34185 / % Py 5011101
32+ / / ,7 / pld 4541004
80 - / / / 45
30 904
7 ////// 401790
801 a5 s 35{ 807
W70 a4 ] f/’l/ 7 20770
E ooy A AT 2 [0
G 50 2; T sl ]
H Lin FE e l_and
S ST é/// = 40
-0 V== 30
107 AGE (YEAR 0
] kg it et kg [Tb

2 3 4 5 6 7 8 9 10 11 12 13 14 15

Published May 30. 2000 {moaified 11/21/00)

SOURCE: Developed by the Natonal Center for Heahh Statistics in collaboration with
the National Center for Chronic Disease Prevention and Health Promotion (2000)
hitpe www, cde.gov growthehars

Fig. 1.1 (continued)

16 17 18 19 20

SAFER: HEALTHIER: PEOPLE "



6 1 Disorders of Growth and Development: Clinical Perspectives

1.2  Stepwise Analysis

The index child was born of full-term normal vaginal delivery with birth weight of
3.3 Kg, thereby mitigating the possibility of intrauterine growth retardation as the cause
of short stature. The birth length is usually normal in neonates with congenital growth
hormone deficiency as intrauterine growth is GH independent and is predominantly
dependent upon maternal nutritional status, uteroplacental blood flow, placental IGF1
and IGF2, and fetal insulin. Prolonged physiological jaundice and micropenis (stretched
penile length <2.5 cm) are the clues to suspect congenital growth hormone deficiency in
the index child. Prolonged physiological jaundice is a result of decreased glucuronyl
transferase activity, as this enzyme requires initial activation by GH, thyroxine, and cor-
tisol. Besides GH deficiency, micropenis may be due to intrauterine testosterone defi-
ciency. Other manifestation of congenital GH deficiency is neonatal hypoglycemia,
which was not present in our patient. Neonatal hypoglycemia is a result of decreased
GH-mediated hepatic gluconeogenesis and glycogenolysis. Further, breech presentation
has also been shown to be associated with congenital GH deficiency; however, the cause
and effect association between breech presentation and GH deficiency remains conjec-
tural. Optimal nutrition is the key factor in determining the growth during infancy, while
GH is essential for growth throughout the childhood, and along with gonadal steroids it
results in pubertal growth spurt. The growth faltering in the index patient was evident
even at the age of 1 year. The child continued to have growth velocity of 3 cm/year which
is subnormal for the prepubertal age (5—6 cm/year). Any child who has growth faltering
or has height SDS of <3 requires urgent evaluation. The index patient had growth fal-
tering as well as height SDS of -7, therefore he required immediate evaluation. Systemic
disorders as a cause of short stature was unlikely in our patient, as weight is more severely
compromised than height in these disorders, as opposed to endocrine disorders where
height is more severely compromised than weight, as was seen in our patient (height age
3 years, weight age 6 years). After exclusion of systemic disorders, common endocrine
disorders associated with short stature which should be considered in our patient include
growth hormone deficiency, Cushing’s syndrome, juvenile primary hypothyroidism, and
obesity—hypogonadism syndrome. The probability of Cushing’s syndrome was less
likely in our patient as his weight was <3 percentile, and he did not have any stigma of
protein catabolism, or moon facies, a characteristic feature of childhood Cushing’s syn-
drome. Juvenile primary hypothyroidism was also less likely in our patient, as he did not
have myxoedematous manifestations, and deep tendon reflexes were normal. Obesity—
hypogonadism syndrome was also unlikely as these syndromes are usually associated
with subnormal mental development, skeletal anomalies, retinitis pigmentosa, and neu-
rodeficits. The possibility of CDGP was also unlikely as he had severe short stature and
growth velocity 3 cm/year. Further, the body proportions can also help to define the
cause of short stature as proportionate short stature is usually associated with growth
hormone deficiency, Cushing’s syndrome, and systemic disorders, whereas primary
hypothyroidism, rickets—osteomalacia, and skeletal dysplasias are associated with dis-
proportionate short stature. The expected upper segment to lower segment ratio (US/LS)
at the age of 9 years is 1:1; however, in our patient it was 1.2 which may not be truly
representative in this patient due to concurrent presence of congenital dislocation of hip.
Delayed bone age is usually a feature of all endocrine and systemic disorders and
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excludes the diagnosis of intrinsic short stature. The index patient had typical facies of
growth hormone (GH) deficiency as he had frontal bossing, depressed nasal bridge, mid-
facial hypoplasia, and micrognathia. These features are attributed to GH deficiency as
GH is required for maxillary and mandibular bone growth, and frontal bossing is due to
apparent prominence of frontal bone in relation to midfacial hypoplasia. Further, not
only GH but thyroxine is also required for the development of nasal bridge. In addition,
micropenis and delayed bone age also support the diagnosis of GH deficiency. Further,
the patient had congenital dislocation of the hip which has been described in children
with growth hormone insensitivity syndrome, and possibly it may be incidental in our
patient. Before proceeding to GH dynamic tests, optimal investigations were carried out
for exclusion of chronic systemic disorders (chronic kidney disease, chronic liver dis-
ease, renal tubular acidosis, and celiac disease), hypothyroidism, and pseudohypopara-
thyroidism. Serum IGF1 should be estimated as a screening test for growth hormone
deficiency; however IGF1 level within age-matched reference range does not exclude
the GH deficiency, as the sensitivity of IGF1 to diagnose GH deficiency is only 70 %.
The index patient had a low serum IGF1 level. There is plethora of provocative tests to
assess the GH reserve; however, two tests are required to establish the diagnosis of GH
deficiency as single test lacks the requisite specificity. The provocative tests should be
carried out in the fasting state and euthyroidism should be achieved prior to performing
the test. In addition, gonadal steroid should be replaced in those children who are in
peripubertal age. Insulin-induced hypoglycemia is considered as the “gold standard”
test, and the index patient underwent insulin-induced hypoglycemia and clonidine stim-
ulation tests. Further, insulin-induced hypoglycemia test provides an opportunity of
simultaneous assessment of hypothalamo—pituitary—adrenal axis. Peak GH response to
both these stimuli was undetectable, and cortisol response to insulin-induced hypoglyce-
mia was subnormal in the index patient, thereby substantiating the diagnosis of GH and
ACTH deficiency. After confirmation of diagnosis of hypopituitarism, plain and CEMRI
sellar—suprasellar region should be performed in these children. MRI findings may
include the presence of mass lesion in sellar—suprasellar region (e.g., craniopharyngi-
oma) and classic tetrad (small sella, hypoplastic pituitary, redundant stalk, and ectopic
posterior pituitary bright spot) suggestive of pituitary transcription factor defects (e.g.,
Pit-1 and PROP-1) or may be normal (e.g., idiopathic growth hormone deficiency). The
index patient had small sella and hypoplastic pituitary. With this profile the diagnosis of
multiple pituitary hormone deficiency was considered as he had GH, ACTH, and prolac-
tin deficiency possibly due to pituitary transcription factor defect. He was initiated with
rhGH at a dose of 0.3 mg/Kg/week and hydrocortisone at a dose of 10 mg/m> He had
height gain of 11 cmin first year and 14 cm in second year of thGH therapy. The expected
gain in the first year after initiating thGH therapy is approximately 1012 cm followed
by 8-10 cm in the second year and then progressively declines to 5 cm/year. The gradual
decline in growth velocity has been attributed to “‘chondrocyte senescence.” The greater
height gain during second year as compared to first year of rhGH therapy in our patient
can be attributed to corrective surgery for congenital dislocation of hip and replacement
with L-thyroxine after unmasking of hypothyroidism due to concurrent TSH deficiency
and possibly due to sustained growth response as he had severe GH deficiency.
Development of hypothyroidism during thGH therapy in our patient was either as a
result of inhibition of TSH by increased somatostatin tone after thGH therapy or as
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evolution of de novo TSH deficiency. Weight-based dosage is recommended for the
initiation of rhGH therapy and monitoring is performed with anthropometric measure-
ment. IGF1-targeted GH therapy is not recommended, but serum IGF1 should be moni-
tored annually to avoid IGF1 levels above the reference range which may be associated
with adverse events. The side effects associated with rhGH therapy include slipped capi-
tal femoral epiphysis, benign intracranial hypertension, gynecomastia, kyphoscoliosis,
and glucose intolerance. The child should be monitored at three to six monthly intervals
for auxology, pubertal development, and adverse events. In addition, serum T, and corti-
sol should also be monitored initially at 3 months of rhGH therapy and thereafter annu-
ally. Manifestations of hypocortisolism may appear on thGH therapy either as a result of
increased catabolism of cortisol due to inhibition of 11f-hydroxysteroid dehydrogenase
type 1 or evolution of underlying ACTH deficiency as a part of multiple pituitary hor-
mone deficiency. Early diagnosis of GH deficiency and timely initiation of thGH therapy
may be rewarding to achieve the adult target height in short children. Regular follow-up
and periodic monitoring of evolution of other hormone deficiency are essential for opti-
mal outcome.

1.3 Clinical Rounds

1. How to define short stature?

A child with height two standard deviation below the mean (-2SD or 2.3%
percentile) as compared to children of the same age, gender, and race is consid-
ered to have short stature. In a normally distributed population (Gaussian distri-
bution), height of 95% of individuals falls within 2SD from the population
mean. The probability of detecting a child with growth disorder is higher in
individuals who are 2SD above or below the mean. Therefore, a height 2SD
below the mean is used to define short stature.

2. What is the normal growth pattern during childhood?

The normal growth is reflected by the progressive increase in auxological param-
eters like height, weight, and head circumference in reference to the established
standards for that particular age, gender, and race. The mean length of a healthy
newborn is 50 cm and grows at height velocity of 25 cm in the first year, 12 cm
in the second year, 8 cm in the third year, and 5 cm per year thereafter till the
onset of puberty. Therefore, a child doubles his birth length by 4 years of age. In
addition, height at the age of 2 years is approximately half of the individual’s final
adult height. The pubertal growth spurt is approximately 28 cm in boys and
25 cm in girls, which corresponds to a height velocity of 9.5 cm per year in boys
and 8.3 cm per year in girls. A newborn looses up to 10 % of birth weight during
the first week of life and thereafter starts gaining weight. The weight of a child
doubles by 4 months of age, triples by 1 year, and quadruples by 2 years of age.
The head circumference is 32-35 cm at birth, 43—-46 cm by the first year, 49 cm
by the second year, and reaches adult value (56 cm for males, 54 cm for females)
by 5-6 years of age. Height velocity of a healthy growing child is given in the
table below.
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Age Height velocity (per year)
Birth -
0-1 year 25 cm
1-2 year 12.5cm
2-3 year 8 cm
3 years — puberty 5cm
Puberty
Boys 9.5 cm
Girls 8.3 cm

3. What are the determinants of fetal growth?

The determinants of fetal growth include maternal nutritional status, placental
sufficiency, placental insulin-like growth factor 2 (IGF2) and IGF1, and fetal
insulin. In addition, various growth factors like epidermal growth factor, fibro-
blast growth factor, nerve growth factor, and parathyroid hormone-related
peptide (PTHrP) also play an important role in fetal growth. Although, GH has
important role in postnatal growth, it has minimum effect on intrauterine growth
as evidenced by GH receptor knockout mice which has normal size at birth.

4. What is the role of insulin-like growth factors in fetal growth and development?

Placental insulin-like growth factors (IGF1 and IGF2) play an important role in
fetal growth and development. It has been shown in mice that deletion of either
IGF1 or IGF2 gene results in low birth weight (60 % of normal), whereas dele-
tion of type 1 IGF receptor (IGF1R) results in greater reduction in birth weight
(45 % of normal). This is because both IGF1 and IGF2 act through IGFIR to
promote fetal growth. However, type 2 IGF receptor (IGF2R) is important in the
regulation of IGF2 action by increasing its turnover. The table given below illus-
trates the effects of insulin and IGF1/IGF2 on fetal growth and development.

Animal model Birth weight
IGF1 gene knockout mice 60 % of normal
IGF2 gene knockout mice 60 % of normal
Combined IGF1 and IGF2 gene knockout mice 30 % of normal
IGF1 R knockout mice 45 % of normal
Combined IGF1 gene and IGF1R knockout mice 45 % of normal
Combined IGF2 gene and IGF1R knockout mice 30 % of normal
IGF2 R knockout mice 130 % of normal
Insulin receptor knockout mice Normal

Insulin gene knockout mice 78 % of normal

5. What is the role of parathyroid hormone-related peptide in fetal growth and
development?

Parathyroid hormone-related peptide (PTHrP) plays an important role in fetal
growth and development by facilitating transplacental transport of calcium and
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promoting uteroplacental blood flow. In addition, it also regulates the growth
and differentiation of chondrocytes during fetal life. The role of PTHrP in fetal
growth is evidenced by short stature and skeletal dysplasia in patients harboring
PTHrP receptor mutations; activating mutations cause Blomstrand dysplasia
and inactivating mutations cause Jansen chondro-osteodystrophy.

. Is growth of a child exclusively GH-dependent?

A child with congenital growth hormone deficiency (GHD) has near-normal
birth length. However, there is a rapid decline in height velocity by the age of
2 years in these children; thereafter, they continue to grow at a reduced height
velocity. If left untreated, the child can attain a final adult height which is
approximately 70% of his/her genetic potential, with a height deficit of
38 cm in males and 33 cm in females. This suggests that growth is not exclu-
sively a GH-dependent phenomenon and other hormones also play a role.

. What are the determinants of postnatal growth?

Postnatal growth is determined by nutritional factors, hormones, and genetic
potential of an individual. During infancy, growth is predominantly influenced
by nutritional status of the child. During the prepubertal period, hormones like
GH-IGF1, thyroxine, and insulin play an important role, while pubertal growth
spurt is caused by progressive increase in gonadal steroids and the consequent
GH-IGF1 surge. However, the final height of an individual is determined by
his/her genetic potential. This is possibly attributed to predetermined chondro-
cyte potential for skeletal growth, IGF1 sensitivity, rate of ossification matura-
tion, and ethnicity of an individual.

. What are the hormones required for postnatal growth?

Growth hormone and IGF1 are the prime mediators of postnatal linear
growth. GH-mediated IGF1 generation is facilitated by nutritional status,
insulin, thyroxine, gonadal steroids, and, possibly, vitamin D. In an indi-
vidual, limb growth is predominantly dependent on GH-IGF1, while truncal
growth on gonadal steroids. Thyroxine, insulin, and testosterone not only
facilitate GH-mediated IGF1 generation but also promote GH-independent
IGF1 generation. Further, insulin acts directly on IGF1 R, albeit at a much
lower affinity (100-fold less) than IGF1. Estrogen in low concentration pro-
motes GH-mediated IGF1 generation but, in high concentration, inhibits
IGF1 generation. Testosterone stimulates GH-mediated IGF1 generation by
its direct effect and by aromatization to estrogen. In addition, it also pro-
motes GH-independent IGF1 generation by its direct effect on hepatocytes.

. What is the structure of epiphyseal growth plate?

The growth plate, also known as physis, is present between the epiphysis and
metaphysis at the ends of long bones. It comprises of five zones: resting zone,
proliferative zone, hypertrophic zone, calcification zone, and ossification zone,
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from epiphysis to metaphysis. The process of linear growth initiates at the epiphy-
seal end of growth plate and new bone is laid down at the metaphysis (Fig. 1.2a, b).

Epiphysis

PHYSIS (GROWTH PLATE):

Zone of resting cartilage
Zone of proliferating cartilage
Zone of hypertrophic cartilage
Zone of calcified cartilage

Metaphysis

Fig. 1.2 (a) Showing different zones of growth plate. (b) X-ray wrist AP view showing physis
(growth plate) as a radiolucent area between epiphysis and metaphysis

10. How does linear growth occur in a child?

Linear growth is a result of a well-regulated and coordinated process called
“chondro-osteogenesis,” which includes chondrocyte proliferation, differenti-
ation/hypertrophy, apoptosis, and endochondral ossification. Longitudinal
bone growth occurs at the epiphyseal growth plate located at the ends of long
bones. In the resting zone, there is a reserve of chondrocytes, which proliferate
under the influence of GH and IGF1. These proliferating chondrocytes enlarge
to hypertrophic chondrocytes in the presence of IGF1, thyroid hormones, and
gonadal steroids. The paracrine factors that help in chondrocyte proliferation
and hypertrophy include PTHrP, IHH, BMPs, FGFs, RUNX2, and SOXO9.
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These terminally differentiated cells eventually undergo apoptosis. Later, the
growth plate is invaded by blood vessels and bone cell precursors from metaph-
ysis, resulting in remodeling of cartilage into bone, a process termed as endo-
chondral ossification. The various endocrine and paracrine factors that regulate
“chondro-osteogenesis” are depicted in the figure given below (Fig. 1.3).

a EPIPHYSIS
Resting Zone
| Proliferative Zone
] | ] Hypertrophic Zone
- i
METAPHYSIS
b Epiphysis o
. . = T3
GH { Pro-proliferative RZ QC > ®¥ 1GF-1
GH
IGF-1 { Pro-proliferative - | IGF-1
Pz ' S N GC
; ) Nl 3
GS

hypertrophic

Growth arrest, inhibits
GC
differentiation

Antiproliferative,
promotes

T3 hypertrophic
differentiation

RZ - Resting zone

PZ - Proliferative zone Vascular
HZ - Hypertrophic zone invasion T3
CZ - Calcification zone Bone

GS - Gonadal steroids

Trabeculae
GC - Glucocorticoids

Fig.1.3 (a) Different zones of growth plate. (b) Site of action of various endocrine and paracrine
factors on growth plate
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How does circumferential bone growth occur in a child?

The linear bone growth occurs at epiphyseal growth plate (at the end of long
bones), while circumferential bone growth (appositional bone growth) occurs
beneath the periosteum at diaphysis. The appositional bone growth is the result of
intramembranous ossification, where osteoblast forms the new bone just beneath
the periosteum. Estrogen inhibits, while androgen and GH stimulate appositional
bone growth at diaphysis. Periosteal new bone formation is accompanied with
endosteal bone resorption as the new bone formation exceeds bone resorption at
periosteum and vice versa at endosteum, thereby resulting in increased circumfer-
ential bone growth (Fig. 1.4).

Fig. 1.4 Circumferential growth of a long bone

12.

13.

14.

How does growth hormone promote linear growth?

Growth hormone promotes linear growth through systemic (liver) and locally
derived (growth plate) IGF1. In addition, GH per se has a direct effect on
growth plate, independent of IGF1. GH-IGF1 is responsible for the differentia-
tion of pre-chondrocytes to chondrocytes, followed by the proliferation and
maturation of chondrocytes in the epiphyseal growth plate. Further, GH-IGF1
also promotes bone collagen synthesis.

What are the hormones responsible for GH-independent IGF 1 generation?

IGF1 generation is predominantly a GH-dependent phenomenon which is facili-
tated by thyroxine, insulin, and gonadal steroids. However, thyroxine, insulin, and
gonadal steroids also promote GH-independent IGF1 generation. This is evidenced
by the fact that children with GH deficiency/GH receptor mutation continues to
grow, albeit at a lower height velocity, with measurable levels of serum IGF1, which
suggest GH-independent IGF1 generation. In addition, these hormones also have a
direct effect on epiphyseal growth plate and promote chondrocyte proliferation.

Why are the boys taller than girls?

Boys are taller than girls because of physiological delay in the initiation of
puberty by a period of 2 years (thereby yielding two additional years of cumula-
tive linear growth), more intense pubertal growth spurt, and presence of growth-
promoting genes on Y(Yq) chromosome. The average difference in height
between adult men and women is 13 cm. This difference is due to growth accu-
mulated during two additional prepubertal years (10 cm) and the greater gain in
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height during pubertal growth spurt (3 cm) in boys. This knowledge is impor-
tant and is used in the calculation of midparental height of an individual.

15. What are the causes of growth without growth hormone?

Linear growth is a GH-IGF1-dependent phenomenon; however, there are disorders
where growth is GH-independent. Childhood obesity is one of the paradoxical situ-
ations where there is an accelerated linear growth with low levels of GH. The other
causes of growth without GH include craniopharyngioma (hypothalamic dysfunc-
tion-induced adiposity), childhood hyperthyroidism, Beckwith—Wiedemann syn-
drome (IGF2-mediated growth), and Soto’s syndrome (NSD1 mutation).

16. Why do obese children have higher growth velocity despite low GH?

Obesity in childhood and adolescence is associated with increased height velocity
with low basal as well as stimulated GH levels, normal total IGF1, and increased
“free” IGF1. Obesity-induced hyperinsulinemia promotes GH-independent IGF1
generation, increases free IGF1 level by reducing IGFBP1, and directly stimulates
IGF1 receptor, thereby resulting in accelerated linear growth. Elevated levels of
“free” IGF1 increase somatostatin tone, resulting in decreased GH secretion. In
addition, there is an increase in leptin levels in obese children, which also acts as
skeletal growth factor. Further, increased aromatization of androgens to estrogens
as a result of excess adiposity also contributes to the linear growth. However, the
final adult height in obese children does not differ from nonobese children, as a
result of early puberty and excess aromatization of androgens leading to prema-
ture epiphyseal closure (Fig. 1.5).
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Fig. 1.5 Mechanisms of obesity-related accelerated growth velocity
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17.

Why is total IGF I level normal despite low GH levels in obesity?

Obesity is associated with normal IGF1 despite low GH level. This is due to
GH-independent, insulin-mediated IGF1 generation and enhanced GH sensitiv-
ity because of upregulation of GH receptors, as evidenced by increase in GH-
binding proteins (GHBP).

18. A 6-year-old obese child presented with short stature. Is it of concern?

19.

Childhood obesity is associated with normal/accelerated height velocity.
Therefore, presence of short stature in an obese child is almost always patho-
logical and should be evaluated further. The common causes of short stature
with obesity include Cushing’s syndrome, hypothyroidism, isolated growth
hormone deficiency, pseudohypoparathyroidism, and Prader—Willi syndrome.

What are the hormones responsible for the development of facial features?

Hormones responsible for the development of facial features are thyrox-
ine, GH-IGF1, and gonadal steroids. Thyroxine is responsible for facial
bone growth and maturation during prenatal and infantile period. Infants
with congenital hypothyroidism therefore have characteristic facial fea-
tures including immature facies, flat nasal bridge, and pseudohyper-
telorism. GH-IGF1 is mainly responsible for facial features during
prepubertal period. Therefore, patients with congenital growth hormone
deficiency manifest with frontal bossing, midfacial hypoplasia, and
micrognathia. During peripubertal period, gonadal steroids play an impor-
tant role in facial maturation and lead to sexual dimorphism in the facial
characteristics (Fig. 1.6).

Fig.1.6 (a) Characteristic facial features in a girl with congenital hypothyroidism. (b) Immature
facies in an adolescent with hypogonadism
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