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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



We are grateful to all those who have helped us in accomplishment of this endeavor.
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and Dr. Naresh Sachdeva for their valuable suggestions and continuous support
throughout this journey. I heartily appreciate the relentless and selfless efforts made
by Dr Soham Mukherjee to accomplish this dream and without his support, this
would not have been achieved.

I also sincerely appreciate the effort of my coauthors Dr. Girish, Dr. Anuradha,
and Dr. Yashpal for their untiring and immense contribution in making this book in
the present form. They have indeed inculcated the “soul” into it.

My sincere and heartful thanks to Dr. Mandeep Singla for his relentless support
and continuous encouragement during the entire period. I thank all my other resi-
dents including Dr. Abhishek Hajela, Dr. Suja P Sukumar, Dr. Kushdev Jariyal, Dr.
Vikram Shekhawat, Dr. Pawan, and Dr. Anshita for their help and encouragement. I
also thank Prof. B.R. Mittal and Dr. Anish Bhattacharya from the Department of
Nuclear Medicine and Dr. Chirag Ahuja from the Department of Radiodiagnosis for
their suggestions and worthy contributions.

We are grateful to our family members for their continuous support and persever-
ance; without that it would have been impossible to fulfill this dream. I, Dr. Anil
Bhansali, sincerely express my gratitude and appreciation to my wife Sandhya and
my children Shobhit, Shipra, and Akanksha who have supported me throughout this
long journey to accomplish this venture. I am also thankful to my all brothers, Sunil,
Raj Kumar and Aniruddh, and sisters, Madhu, Manju and Menu for their whole-
hearted support to accomplish this work. I really admire my friends, justice Hari Pal
Verma and Harish Singla, for their continuous encouragement and support. I, Dr.
Anuradha, sincerely thank my husband Dr. Vaibhav for his continuous support and
cooperation in writing this book. I, Dr. Girish, sincerely thank my wife Dr.
Rajlakshmi Iyer who has allowed me to accomplish this work untiringly. I, Dr.
Yashpal Gogate, sincerely thank my wife Dr. Ketki for her persistent
encouragement.

XV



Xvi Acknowledgements

We are also thankful to Mrs. Anjali Aggarwal and Sanjay Kumar for designing
the beautiful diagrams and editing the images. We appreciate the kind help extended
by Mr. Abhijeet and Mr. Paramjeet for acquisition of the clinical images. We also
thank Mrs. Rama Puri, Mrs. Usha Sharma, Mr. Mahabir Singh, and Mr. Surinder
Pandey for their uninterrupted assistance throughout the period of writing this book.

We are also thankful to our publisher Springer and their tteam members Dr. Naren
Aggarwal, Mrs. Teena Bedi, and Mr. Pradeep Kumar. Without them this book would
have never been in the present form.

Finally, we are thankful to the Almighty for providing the wisdom, courage, and
strength to complete this endeavor and for the fulfillment of this long-cherished
dream.

Anil Bhansali
Anuradha Aggarwal
Girish Parthan
Yashpal Gogate



Disorders of Growth and Development: Clinical Perspectives. . . ... .. 1

1.1 Case VIgnette. ... ... ...ttt 1
1.2 Stepwise Analysis . ..... ... .. 6
1.3 ClinicalRounds . ......... ... .. .. . . 8
Further Readings. .. ... .. . i 44
Disorders of Growth and Development: Diagnosis and Treatment . . . 45
2.1 ClinicalRounds . ........ ... .. .. . . . 45
Further Readings. .. ......... .. .. .. . . . 70
Thyroid Disorders in Children ................................ 71
31 Case VIgnette. .. ... ... ...t 71
3.2 Stepwise AnalysiS . ...... ... 73
33 ClinicalRounds . ...... .. ... ... . .. .. 75
Further Readings. ...... ... ... .. . . . . 107
Childhood Cushing’s Syndrome . ............................. 109
4.1 Case Vignette. ... ........oinininninin .. 109
4.2 Stepwise Analysis ........... .. 112
43 ClinicalRounds ........ .. ... .. .. . . 114
Further Readings. ...... ... ... .. .. . . 129
Rickets—Osteomalacia. . ........... ... ... ... ... .. .. .. ..., 131
5.1 Case Vignette. . ... ..ot 131
5.2 Stepwise Analysis . .......... . 134
53 ClinicalRounds . ...... ... .. .. . .. .. 135
Further Readings. ...... ... ... .. .. . . 170
Precocious Puberty . . ....... ... .. .. .. 171
6.1 CaseVignette....... ... ...t 171
6.2 Stepwise Analysis . .......... .. 173
6.3 ClinicalRounds . ...... ... .. .. . .. .. . . .. . ... 174
Further Readings. ...... ... ... .. . . . . 210

Xvii



xviii

7

10

11

12

Contents
Delayed Puberty ......... ... .. ... . .. .. 211
7.1 Case VIgnette. ... ... ...t 211
7.2 Stepwise Analysis ........... . 213
7.3 ClinicalRounds ........ .. ... .. .. . . . 215
Further Readings. ......... ... .. .. i 258
Tarner Syndrome . . ........... ... . ... 261
8.1 CaseVignette............c.iuuinininniniinnanann.. 261
8.2 Stepwise Analysis ... ... ... 263
83 ClinicalRounds . ........ .. .. .. . . .. . 265
Further Readings. .. ... .. .o 290
Disorders of Sex Development . ... ............................ 291
9.1 CaseVignette.......... ...ttt 291
9.2 Stepwise Analysis ........... .. 294
9.3 ClinicalRounds ........ .. ... .. .. . . 295
Further Readings. ......... ... .. . . . i 334
Congenital Adrenal Hyperplasia.............................. 335
10.1 Case VIgnette. .. .......vuninin i 335
10.2  Stepwise Analysis . ... 337
103 ClinicalRounds . . ....... ... . . 339
Further Readings. ......... ... .. . . . i 375
Multiple Endocrine Neoplasia . . .......... ... ... ... .. ... ..., 377
I1.1 Case VIgnette . ... ....ovuvtnt e 377
11.2 Stepwise Analysis ..., 381
113 ClinicalRounds . . ....... ... . . 382
Further Readings. ...... ... ... .. .. . i 400
Diabetesinthe Young .. ........... ... ... ... ... ... .. . 401
12.1 ClinicalRounds . ........ ... . i 401

Further Readings. ......... ... .. .. . i 433



Anil Bhansali Dr. Anil Bhansali is the Professor and Head of the Department of
Endocrinology and Metabolism at the Postgraduate Institute of Medical Education
and Research, Chandigarh, India. He has published 400 articles in indexed, peer-
reviewed international and national journals of repute in the field of diabetes and
endocrinology. His pioneer work on stem cell therapy in type 2 diabetes and diabe-
tes complications, particularly in diabetic foot and diabetic retinopathy, is widely
recognized. Dr. Bhansali has been the recipient of numerous awards and fellow-
ships, prominent among these are the Fellow of Royal College of Physicians
(Glasgow), Prof. M.N. Sen ICMR Award for Pituitary Disorders, Prof.
M. Viswanathan Award for Stem Cell Therapy in T2DM, Prof. Shurvir Singh Award
for Research in Diabetes, and Dr. P.N. Shah Memorial Award for Metabolic Bone
Disease. He was the Ex-President of the Endocrine Society of India and the Founder
President of the Punjab and Chandigarh Chapter of Research Society of Study of
Diabetes in India.

Anuradha Aggarwal Dr. Anuradha Aggarwal did her DM from the prestigious
Postgraduate Institute of Medical Education and Research, Chandigarh, India.
Currently, she is working as a Consultant endocrinologist at Paras Hospital, Patna,
India. She is actively involved in research activities particularly in pediatric
endocrinology.

Girish Parthan Dr. Girish Parthan did his DM from the prestigious Postgraduate
Institute of Medical Education and Research, Chandigarh, India. Currently, he is
working as Consultant endocrinologist at Renal Medicity, Cochin, India. He has
interest in diabetes, particularly in clamp studies.

Yashpal Gogate Dr. Yashpal Gogate did his DM in endocrinology from the pres-
tigious Postgraduate Institute of Medical Education and Research, Chandigarh,
India, and is currently working at Harmony Health Hub at Nashik, Maharashtra,
India. He is actively involved in patient care and research and is a prolific writer.

Xix



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).
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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)
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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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20. What is the importance of measuring body proportions in a short child?

Measurement of body proportions helps in the differential diagnosis of short
stature. The ratio of upper segment (US) to lower segment (LS) is 1.7 at birth,
1.5 at 1 year of age, 1.4 at 2 years, 1.3 at 3 years, 1.1 at 6 years, 1 at 10 years,
and 0.92-0.85 in adulthood. A short child is considered to have proportionate
short stature when US/LS ratio is in concordance with the chronological age.
The causes of proportionate short stature include growth hormone deficiency,
familial short stature, CDGP, and chronic systemic disorders. The presence of
body proportions which are disproportionate to the chronological age defines
disproportionate short stature. This can be due to either short limb or short
trunk. The causes include hypothyroidism, rickets, skeletal dysplasias, and
mucopolysaccharidosis (Fig. 1.7). An approach to a short child is depicted in
the figure given below (Fig. 1.8).

Fig. 1.7 (a) Siblings with short stature due to mucopolysaccharidosis. (b) Lateral spine radio-
graph showing reduced vertebral height with anterior beaking of the lower dorsal vertebral bodies
in the same patient
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Dysmorphic features

Present Absent

* Turner’s syndrome Proportionate Disproportionate
* Down’s syndrome short stature short stature

* Noonan’s syndrome

* Prader-Willi syndrome

* Russell-Silver syndrome
* Pseudohypoparathyroidism

Overweight Normal weight Underweight -
for height for height for height * HypotherIdlsm . MucopoIY- .
* Rickets saccharoidosis
* Achondroplasia | * Kyphoscoliosis
: * Osteogenesis  Spondylo-
* GHD * Chronic imperfecta epiphyseal
* Cushing’s syndrome system disease dysplasia
* Malnutrition

Fig. 1.8 Approach to a child with short stature

21. What is the importance of measurement of parental height in a child with short
stature?

Genetic factors have a significant contribution to the final adult height of an
individual. Therefore, an estimate of the genetic potential for the final adult
height of an individual can be predicted on the basis of height of the parents.
Midparental height (MPH) is a widely used tool to calculate the genetic
potential of an individual. MPH can be calculated as follows:

(Paternal height + Maternal height + 13) + 2 for boys
(Paternal height + Maternal height —1 3) +2for girls

22. What is the target height of an individual?

Children of short parents are not as short as their parents, and, similarly, chil-
dren of tall parents are not as tall as their parents due to the phenomenon of
regression to the mean. Therefore, the concept of target height was introduced
to predict the final adult height of an individual with allowance for regression
to the mean. The phenomenon of regression to the mean indicates that an indi-
vidual has a tendency to attain a final adult height which is toward mean adult
height of that particular population (i.e., 50" percentile). However, an individ-
ual can only compensate up to 20% of the difference between midparental
height and mean adult height of that particular population, e.g., if the MPH of
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a boy is 157 cm and mean adult height of the population is 177 cm for males
(50" percentile in CDC growth chart), there is a difference of 20 cm between
MPH and mean adult height of the population. An individual can correct 20 %
of this difference because of the phenomenon of regression to the mean.
Therefore, target height (TH) is calculated as follows:

TH = MPH + [(mean adult height of the population —MPH)x 20%]
So, his target heightis 157+ (177-157)x20% Jie. 157 +4cm =161cm
95% of theindividuals will fall within 10cm of their target height

How to predict the final adult height of a child?

The final adult height of children at a particular chronological age can be pre-
dicted by doubling the height attained at the age of 2 years, by calculating target
height, and by the degree of skeletal maturation (bone age) in relation to chron-
ological age (Bayley and Pinneau method).

What is growth chart?

Growth chart is a tool to assess the adequacy of growth of a child in reference
to healthy children. They are prepared from anthropometric data obtained from
large population-based studies. Growth charts for height, weight, body mass
index, and head circumference are commonly available and can be longitudinal
or cross-sectional. The age of the child is plotted on X-axis of the growth chart,
while anthropometric parameter (e.g., height, weight) on the Y-axis. Most
growth charts have seven percentile lines: 3%, 10, 25%, 50, 75%, 90, and 97"
percentiles. In addition to standard growth charts, syndrome-specific growth
charts are available to define growth pattern in various disorders like Turner,
achondroplasia, and Down syndrome.

What is the difference between “growth standard chart” and “growth reference
chart?”

The “growth standard charts” are prescriptive and depict the growth pattern of
healthy children who live in ideal conditions for optimal growth (exclusive
breastfeeding for initial 4 months, adequate nutrition, favorable psychosocial
environment, and good living conditions). These charts represent how children
should be growing in an ideal scenario. In comparison, the “growth reference
chart” is descriptive and denotes the growth pattern of apparently healthy chil-
dren in a particular place and time. These charts represent how children are
growing in real life (not necessarily in ideal conditions) and provide an oppor-
tunity to assess the secular trends of growth in a population.

What are the types of growth charts?

Growth charts are of two types: cross-sectional and longitudinal. The “cross-
sectional growth charts” are constructed by estimation of anthropometric
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parameters of healthy children of different age at a given point of time, while
the “longitudinal growth charts” are constructed by prospective follow-up of
anthropometric parameters of a cohort of healthy children. Cross-sectional
growth charts do not take into account height velocity or variations in height
during pubertal growth spurt of an individual. These limitations can be over-
come by the use of longitudinal growth charts. The cross-sectional growth
charts include Centre for Disease Control (CDC), Agarwal and Khadilkar
growth charts, whereas Tanner—Whitehouse chart is longitudinal. WHO growth
charts are mixed growth chart; it is longitudinal from O to 2 years of age and
cross-sectional thereafter. The characteristic features of different growth charts
are summarized in the table given below.

NCHS/WHO,
Parameters 1978 WHO, 2006 CDC, 2000 IAP, 2015
Type of growth Growth reference | Growth standard | Growth Growth
chart chart chart reference chart | reference chart
Region specific USA Global (six USA India
countries)
Age 0-18 years 0-5 years 0-20 years 5-18 years
Growth 5-95 5-95 3-97 3-97
percentile
Method of Longitudinal Longitudinal Cross- Cross-sectional
surveillance 0-2 years 0-2 years sectional
Cross-sectional Cross-sectional
2-18 years 2-5 years
27. What is the utility of growth chart?

28.

Growth chart is an important tool for monitoring anthropometric parameters of
a child and helps in the objective assessment of adequacy of growth. Accurate
plotting of height and weight of a child on a growth chart should be done prior
to evaluation of a child for growth abnormalities. Prospective follow-up of
height or weight of a child helps in early identification of growth faltering and,
thereby, timely evaluation. Growth chart also helps in the differential diagnosis
of short stature, prediction of final adult height of an individual, and monitoring
the response to therapy. It is imperative to use the same growth chart during
follow-up of a child.

What are the merits and demerits of WHO (2006) growth chart?

WHO (2006) growth chart is unique as it is a “growth standard chart” in com-
parison to other growth charts which are “growth reference charts.” These
growth standard charts were constructed by data obtained from healthy children
who were predominantly breastfed for at least initial 4 months of life, received
optimal nutrition thereafter, and were reared in a good psychosocial environ-
ment. WHO (2006) growth chart is also unique that it represents growth stan-
dard of children from six different countries. It also provides longitudinal data
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for initial 2 years of life. However, WHO growth standards are available for
only 0-5 years of age, and later monitoring is recommended with region-
specific growth charts. In addition, the use of these growth charts may result in
overdiagnosis of short stature, especially in children from developing countries.
WHO also derived a cross-sectional growth chart in 2007, which is a “growth
reference chart” for children aged 5-19 years.

Which growth chart should be used for Indian children?

The growth charts based on data from Indian population include Agarwal
(1992, 1994), IAP (2007), Khadilkar (2009), Marwaha (2011), and revised IAP
(2015) growth charts. Agarwal and Khadilkar charts were derived from school-
going children belonging to affluent families, whereas Marwaha chart included
school-going children from both upper and lower socioeconomic status. Data
obtained from Agarwal et al. was used to derive IAP growth chart (2007),
whereas data from nine studies in apparently healthy children from upper and
middle socioeconomic class was used to derive revised IAP growth chart
(2015). The revised IAP growth chart was constructed after exclusion of over-
weight children (weight for height above +2 SD score). Agarwal charts are
nearly two decades old; hence its use is limited as it does not reflect the secular
trend of height over this period. Khadilkar and Marwaha growth charts are rela-
tively recent; however, the use of these charts results in underdiagnosis of obe-
sity. Revised TAP growth chart (2015) addresses most of the limitations of
previous growth charts. Indian Academy of Pediatrics recommends WHO
growth chart (2006) for children aged 0-5 years and revised IAP growth chart
(2015) from 5 to 18 years. It is pertinent to use the same growth chart during
follow-up of a child.

What is the importance of simultaneous estimation of height and weight in the
evaluation of short stature?

During the growth of a child, increase in height and weight occurs in concor-
dance with each other. Therefore, the interpretation of linear growth in relation
to weight provides clue for the differential diagnosis of short stature. In a growth
chart, the age that corresponds to child’s height at 50" percentile is height age of
the child, whereas the age that corresponds to child’s weight at 50" percentile is
the weight age. If a child with short stature is “overweight for height” (weight
age > height age), then the cause is usually an endocrine disorder like Cushing’s
syndrome, growth hormone deficiency, hypothyroidism, or Prader—Willi syn-
drome. If the child with short stature is “underweight for height” (weight age <
height age), then systemic causes like nutritional deficiencies, celiac disease,
and chronic systemic disorders need to be evaluated (Fig. 1.9a, b).
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31. How to calculate standard deviation for height at a particular age?

The standard deviation (SD) for height at a particular age can be calculated from
a growth chart by subtracting the height at 50" percentile (cm) from the height
at 3" percentile (cm) at that particular age and dividing it by 2. For example, in
CDC growth chart for boys at age 10 years, the height at 50* percentile is 138 cm
and the height at 3% percentile is 127 cm. The difference between the two per-
centiles is 11 cm and dividing it by 2 gives a value of 5.5 cm, which is equivalent
to one SD at age 10 years in CDC growth chart for boys.

32. How to calculate standard deviation score for height at a particular age?

Standard deviation (SD) measures the deviation in height of a population from
the mean, whereas the standard deviation score (SDS) precisely quantifies the
height deficit of a child. The SDS is calculated as follows:

(Height of thechild — Height at 50™ percentile for a child of same age) +SD

For example, if a boy has height of 115 cm at age of 10 years:

* The mean height (50" percentile) at 10 years is 138 cm in CDC growth chart.
* The SD at this chronological age is calculated by subtracting height at 50
centile from height at 3™ centile (138-127 = 11) divided by 2, i.e., 5.5 cm.

e The SDS of the child is calculated as (1 15 —138)+5.5 ,i.e., —4.2SDS.
The calculation of SDS in growth chart is illustrated below (Fig. 1.10).
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What are the methods available for the estimation of bone age?

X-ray of the nondominant hand and wrist AP view is recommended for the
assessment of bone age. However, additional X-ray (e.g., knee AP view)
may be required in adolescent to determine growth potential. Accurate
assessment of bone age can be performed with the help of Greulich and Pyle
(gender based) or Tanner—Whitehouse charts; however, the assessment of
bone age by these charts is subjective and has marked interindividual varia-
tion. These shortcomings can be overcome by the recently introduced soft-
ware “Bone Xpert” which is an automated method for estimation of bone age
from the hand X-ray.

What is the utility of bone age estimation in the evaluation of a short child?

Bone age (BA) estimation is an essential parameter in the evaluation of a child
with short stature as the degree of skeletal maturation in relation to chronologi-
cal age (CA) and height age (HA) helps in the differential diagnosis of short
stature. This is summarized in the table given below.

Parameters Differential diagnosis
CA=BA>HA Familial short stature

Intrinsic short stature
(e.g., bone dysplasia, Russell-Silver syndrome)

CA>BA=HA Constitutional delay in growth and puberty
Growth hormone deficiency
Cushing’s syndrome
Hypothyroidism
Chronic systemic disease

How does bone age help in the prediction of adult height?

The bone age-based methods are more accurate in predicting the adult height
potential as compared to the calculated target height. The bone age-based meth-
ods include Tanner—Whitehouse IT (TW II), Bayley—Pinneau (BP), and Roche—
Wainer—Thissen (RWT). The 90 % confidence interval for the prediction is
approximately 6 cm at younger ages. The more advanced the bone age, the
greater the accuracy of the adult height prediction. TW II method tends to
underpredict and BP method tends to overpredict the adult height, especially in
boys. It is important to use the same method to predict adult height during fol-
low-up of a child.
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36. What is the importance of dysmorphic features in a short child?

The presence of dysmorphic features suggests syndromic short stature and
helps to establish an etiological diagnosis. The common causes of short stature
with dysmorphic features are summarized in the table given below (Figs. 1.11

and 1.12).

Disease

Turner syndrome

Noonan syndrome

Down syndrome

Prader—Willi syndrome
Russell-Silver syndrome

Laurence-Moon-Bardet-Biedl
syndrome

Seckel syndrome

GH deficiency due to congenital
hypothalamo—pituitary defects

Pseudohypoparathyroidism

Dysmorphic features

Micrognathia, low-set ears, low posterior hairline, short
webbed neck, lymphedema, shield chest, cubitus valgus,
short fourth and/or fifth metacarpals, cardiac anomalies
(left sided), renal anomalies

Hypertelorism, down-slanting eyes, short webbed neck,
low posterior hairline, right-sided cardiac anomalies,
hypertrophic cardiomyopathy, mental retardation,
cryptorchidism

Mongoloid slant of eyes, developmental delay, umbilical
hernia, simian crease, large protruding macroglossia,
sandal toe

Obesity, hypotonia, hypogonadism, mental retardation
Small triangular facies, facial asymmetry, clinodactyly,
hemihypertrophy, micrognathia

Obesity, polydactyly, hypogonadism, retinitis
pigmentosa

Microcephaly, beaking of nose, micrognathia,
craniosynostosis

Cleft lip, cleft palate, single central incisor, bifid uvula,
nystagmus, rigid cervical spine (short neck)

Albright hereditary osteodystrophy phenotype (round
face, short fourth and/or fifth metacarpals, obesity,
subcutaneous ossification)
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Fig.1.11 A child with
Russell-Silver syndrome.
Note the typical triangular
facies, dysplastic left ear,
and limb asymmetry

Fig.1.12 An adolescent
with intrinsic short stature
due to Seckel syndrome.
Note the typical facial
features including
microcephaly, beaking of
nose, and micrognathia
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How to define an infant with small for gestational age?

A neonate with birth length and/or birth weight at least 2SD below the mean for
gestational age is defined as small for gestational age (SGA). A birth weight of
<2.5 Kg in a full-term newborn is considered as small for gestational age. In
clinical practice, the term SGA is interchangeably used with intrauterine growth
retardation (IUGR).

What is symmetric SGA?

The maximum increase in fetal length occurs during early intrauterine period
(1024 weeks), whereas maximum increase in weight occurs during
32-40 weeks. Any insult to the fetus during early pregnancy, either due to chro-
mosomal/syndromic disorders or congenital infections, affects both length and
weight, thereby leading to a neonate with symmetric SGA. These neonates do
not have catch-up growth because of early insult during gestation and eventu-
ally end up with short adult height.

What is asymmetric SGA?

Any insult to the fetus during late gestation leads to the birth of an infant with
compromised birth weight but with normal birth length, i.e., asymmetric
SGA. This usually occurs due to fetoplacental insufficiency. Infants with asym-
metric SGA usually experience catch-up growth during infancy and finally
achieve a normal adult height.

What is intrinsic short stature?

Intrinsic short stature is associated with disorders which are characterized by
inherent limitation of bone growth. The important causes of intrinsic short stat-
ure include Turner syndrome, Russell-Silver syndrome, Prader—Willi syn-
drome, and achondroplasia (Fig. 1.13).
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Fig.1.13 Intrinsic short
stature due to
achondroplasia in siblings

41. What is idiopathic short stature?

Idiopathic short stature (ISS) is defined as height 2SD below the mean for age
and gender of corresponding population without any evidence of chronic sys-
temic illness or chromosomal, psychosocial, or endocrine disorders. ISS is a
heterogeneous disorder and is predominantly contributed by children with
familial short stature (FSS) and constitutional delay in growth and puberty
(CDGP). However, some children with ISS neither qualify for the diagnosis of
CDGP nor for FSS. GH response to provocative stimuli is essentially normal
in children with ISS; however, serum IGF1 levels are variable. The likely
abnormalities in children with ISS include reduced integrated GH secretion,
defect in GH molecule or its receptor, impaired IGF1 post-receptor signaling,
SHOX haploinsufficiency, or defective chondrocyte growth and proliferation
(Fig. 1.14).
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Fig. 1.14 (a) A 12-year-old girl with familial short stature along with her father (who is also
short). (b) X-ray wrist AP view showing bone age of 12 years

42. How to differentiate between familial short stature and constitutional delay in
growth and puberty?

FSS and CDGP are normal variants of short stature and are associated with a
strong family history. Children with both these disorders are born with a normal
birth length; however, during infancy they cross the centile curves downward so
that the height falls <3 percentile by the end of second or third year of life
(“catch down” growth). Subsequently, these children have normal height veloc-
ity till puberty. Children with FSS have normal onset of puberty and eventually
have short final adult height (although within their target height range), whereas
children with CDGP have a delay in the onset of puberty but eventually attain
normal final adult height. GH-IGF1 dynamics are essentially normal in both
these variants, except in a few children with CDGP where integrated GH secre-
tion has been shown to be abnormal (low GH pulse frequency and amplitude).
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The differences between FSS and CDGP are summarized in the table given
below.

Familial short | Constitutional delay in growth

Parameters stature and puberty
Midparental height Short Normal
Adrenarche Normal Delayed

Onset of puberty Normal Delayed

Bone age Normal Delayed
Correlation among CA, HA, BA | CA=BA>HA CA>HA=BA
Final adult height Short Almost normal

CA chronological age, HA height age, BA bone age

What are the treatment options for children with idiopathic short stature?

Recombinant human growth hormone (thGH) therapy is recommended in chil-
dren with ISS whose height is <—2.25 SDS and/or have a predicted adult height
<-2.0 SDS. The recommended dose of thGH in children with ISS is 0.3—
0.375 mg/Kg/week, which is higher than the dose recommended in children
with GHD, as children with ISS are relatively GH resistant. Therapy with rhGH
results in a height gain of 3.5-7.5 cm, with mean duration of treatment of
4-7 years. Children with CDGP do not require therapy with thGH as the final
adult height is normal in these individuals. Monotherapy with GnRH agonists
is not recommended in children with ISS. Combination therapy with GnRH
agonists and rhGH is a possible therapeutic option in these children; however,
there is insufficient data to routinely recommend the combination therapy.
Aromatase inhibitors, either alone or in combination with rhGH, have been
shown to increase predicted adult height in boys with ISS; however, data regard-
ing the final adult height with these agents is lacking. In addition, aromatase
inhibitors are not recommended in girls with ISS as there is limited data regard-
ing the use of these agents in girls.

What are the treatment options in children with CDGP?

The treatment options for boys with CDGP include oxandrolone, low-dose tes-
tosterone, or aromatase inhibitors, whereas in girls, low-dose estradiol is pre-
ferred. Oxandrolone (0.05-0.1 mg/Kg/day) is indicated in boys with CDGP
aged 10-14 years where short stature is a predominant concern and low-dose
testosterone (50-100 mg testosterone esters intramuscularly monthly for a
period of 3—6 months) after the age of 14 years where delayed puberty is of
significant concern. Although these therapies increase growth rate, final adult
height is not altered. Aromatase inhibitors alone and in combination with tes-
tosterone have been shown to increase predicted adult height in boys with
CDGP; however, data regarding the final adult height with these agents is lack-
ing. Low-dose estradiol is recommended in girls with CDGP, although there is
limited literature regarding its use.
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What is “catch-up” growth?

“Catch-up” growth is defined as accelerated height velocity above statistical
limits for the corresponding age and gender during a particular time interval,
following a transient period of growth inhibition. “Catch-up” growth helps the
child to attain pre-retardation growth curve. The exact mechanisms implicated
in “catch-up” growth are not well explicited, but two hypotheses have been
proposed: “neuroendocrine” hypothesis and “growth plate” hypothesis. The
neuroendocrine hypothesis proposes that there is a set point in the brain for an
individual’s growth termed as “sizo-stat,” and this allows the “catch-up” growth
after a period of growth inhibition to achieve the age specified “preset” height
of an individual. However, it was refuted later. The “growth plate” hypothesis
reveals that during the period of growth inhibition, there is a slowing of chon-
drocyte senescence, followed by increased chondrocyte growth and prolifera-
tion during subsequent “catch-up” growth.

Can “catch-up” growth occur despite decreased height velocity?

A unique type of “catch-up” growth is described in patients with precocious
puberty who are on therapy with gonadotropin-releasing hormone (GnRH) ago-
nists. In children with precocious puberty, height age is more than chronologi-
cal age but lesser than bone age. On treatment with GnRH agonist, the height
velocity actually decreases, but this is without advancement in bone age thereby
“height age catches up with bone age,” allowing them to attain the target height.
This is an example of “catch-up growth with decreased height velocity.”

What is “catch down” growth?

The “catch down” growth is defined as deceleration in height velocity below
statistical limits for the corresponding age and gender during a particular time
interval. The term is commonly used to describe the growth pattern during ini-
tial period of life in children with FSS and CDGP, who rapidly crosses centile
downward during first 3 years of age. The exact cause for this phenomenon is
unknown; however, it is attributed to transient and subnormal functioning of
GHRH-GH-IGF1 axis (“lazy pituitary syndrome”).

What are skeletal dysplasias?

Skeletal dysplasias (osteochondrodysplasias) are heterogeneous group of inherited
disorders which are characterized by intrinsic abnormality of chondro-osteogenesis.
Skeletal dysplasias are commonly classified on the basis of site of involvement as
epiphyseal, metaphyseal, diaphyseal, or spondylo (spine) dysplasia. These disor-
ders may be associated with short stature and/or short arm/thighs (rhizomelia),
short forearm/legs (mesomelia), or generalized shortening of the entire limb
(micromelia/phocomelia). Achondroplasia is the prototype of skeletal dysplasia
and is characterized by disproportionate short stature with rhizomelia (shoulder to
elbow length < elbow to metacarpal length) and metaphyseal dysplasia. Children
with achondroplasia are born with normal birth length but experience progressive
decline in growth velocity by 1-2 years of age, and the final adult height is severely
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impaired (132 cm in males and 125 cm in females). The other abnormalities include
disproportionately enlarged head, characteristic facies, trident hand, brachydactyly,
genu varum, exaggerated lumbar lordosis, and limitation of elbow extension and
rotation. Serum IGF1 and GH dynamics are normal, and bone age corresponds to
chronological age in these individuals. Achondroplasia is due to activating muta-
tions of FGF receptor type 3 (FGFR3). It is considered as a GH-resistant state and
high doses of thGH have been used with limited benefits (Fig. 1.15).

\
A

Fig.1.15 (a) A child with short stature due to spondylo-epi-metaphyseal dysplasia, (b—d) plain
radiographs of the wrist with proximal hands, knee, and spine show extensive epi- and metaphy-
seal dysplasia, juxta-articular osteopenia, and anterior beaking involving the vertebral bodies
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49. When to suspect celiac disease in a short child?

Celiac disease is an immune-mediated enteropathy triggered by gluten and
occurs in genetically susceptible individuals (HLA-DQ?2 and DQ8). Celiac dis-
ease should be suspected in a short child with gastrointestinal manifestations,
anemia, delayed puberty, or rickets—osteomalacia. However, monosymptomatic
presentation of celiac disease with short stature is not uncommon.
Gastrointestinal manifestations are present only in 30 % of patients with celiac
disease and include anorexia, abdominal pain, bloating, diarrhea, steatorrhoea,
and weight loss. Every short child should undergo screening for celiac disease
if weight for height is impaired, especially in individuals who consume gluten-
based diet.

50. How to diagnose celiac disease?

51.

IgA tissue transglutaminase (IgA tTG) is a good screening test with a sensitiv-
ity of 98 % and specificity of 95 %, and if found positive diagnosis should be
confirmed with duodenal biopsy before subjecting to gluten-free diet. However,
if IgA tTG is negative in the presence of strong clinical suspicion of celiac dis-
ease, serum total IgA should be measured, as serum IgA levels are lower in
2-5% of patients with celiac disease. Patients with a low serum IgA levels
should be subjected to IgG-tTG estimation (with or without anti-deamidated
gliadin peptide IgG antibody), and if any of these antibodies is found to be
elevated, the patient should be subjected to duodenal biopsy. However, if clini-
cal suspicion is strong and all antibody titers are negative, even then the patient
should be subjected to duodenal biopsy.

How does celiac disease cause short stature?

Celiac disease is a cause of growth failure in 2.9-8.3 % of children with short
stature. The decreased linear growth in celiac disease is attributed to nutrient
deficiency, altered GH-IGF1 axis, abnormal cytokine milieu, and delayed
puberty. The degree of growth impairment is similar irrespective of presence or
absence of gastrointestinal manifestations. Both macronutrient and micronutri-
ent deficiency contribute to reduced anabolism and linear growth. Basal and
stimulated GH, IGF1, and IGFBP3 are low in celiac disease. Demonstration of
anti-pituitary antibodies in few patients with celiac disease points toward
involvement of somatotropes by the autoimmune process. In addition, partial
growth hormone insensitivity has also been reported, as exogenous GH therapy
in children with untreated celiac disease fails to increase serum IGF1 levels.
Increased inflammatory cytokines like TNF-a, IL-1, and IL-6 also contribute to
impaired growth as they inhibit IGF1 generation. Delayed puberty is not
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uncommon in children with celiac disease and also adds to growth
impairment.

What is the growth response in children with celiac disease on gluten-free diet?

Gluten-free diet (GFD) is highly effective in the management of celiac dis-
ease. The catch-up growth usually occurs by 6—12 months after introduction
of GFD; however, the gain in weight precedes height gain. Failure to attain
catch-up growth in children with celiac disease who are on GFD for at least
1 year should raise a suspicion of refractory celiac disease, concurrent
autoimmune thyroid disease, growth hormone deficiency, or SHOX
haploinsufficiency.

Why is there growth failure in renal tubular acidosis?

Children with renal tubular acidosis (RTA) may manifest with growth failure.
The impairment in linear growth is a result of chronic metabolic acidosis which
leads to alterations in GH-IGF1 axis, decreased 1a-hydroxylase activity, and
has detrimental effects on epiphyseal growth plate. Metabolic acidosis is asso-
ciated with decreased GH and IGF1 secretion and action and reduced expres-
sion of IGF1 receptor on growth plate. Decreased la-hydroxylase activity
results in reduced 1,25(OH),D levels, which lead to impaired endochondral
ossification. In addition, metabolic acidosis per se has deleterious effects on
hypertrophic chondrocytes at growth plate.

How to treat a child with short stature due to renal tubular acidosis?

The aim of therapy in a child with RTA is to correct metabolic acidosis in order
to promote growth and prevent further progression of skeletal deformities.
Therefore, early diagnosis and optimal treatment with oral alkali, either as
bicarbonate or citrate, is recommended. However, citrate is preferred over
bicarbonate, as it is better tolerated. The recommended dose of oral alkali
(bicarbonate or potassium citrate) is 10-20 mmol/Kg daily in divided doses in
proximal RTA (higher doses are required due to massive urinary loss of bicar-
bonate), while 1-2 mmol/Kg daily in distal RTA. Short-term administration of
potassium, calcitriol, and phosphate may be required in these patients.
Overcorrection with alkali should be avoided as it may worsen hypokalemia
and hypercalciuria. During follow-up, serum potassium, pH, bicarbonate, and
urinary calcium should be periodically monitored. In addition, renal ultraso-
nography should be performed at regular interval for the detection of
nephrocalcinosis.
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What are the causes of growth failure in children with chronic kidney disease?

Growth failure in a child with CKD is attributed to poor intake, malnutrition,
metabolic acidosis, proteinuria, and renal osteodystrophy. In addition, there is
alteration in GH-IGF1 axis which is characterized by increased GH, normal
total serum IGF1, and reduced free IGF1 levels. Increased GH is due to GH
resistance at hepatocytes and growth plate (as a result of uremia) and decreased
renal clearance of GH. Serum total IGF1 is normal due to decreased clearance
of IGF-binding proteins (IGFBPs), thereby resulting in reduced free IGF1
level. Further, IGF1 resistance at growth plate and use of glucocorticoids con-
tribute to poor linear growth.

How to optimize linear growth in a child with chronic kidney disease?

Optimal nutrition, correction of anemia and metabolic acidosis, near-
normalization of serum calcium, and phosphorus with maintenance of serum
PTH appropriate for CKD stage result in improvement of linear growth in
children with CKD. However, those children who fail to grow despite these
measures should be considered for thGH therapy. Prior to the initiation of
rhGH therapy, serum phosphate (age specific) and PTH (CKD stage specific)
should be normalized as high PTH levels are detrimental for chondro-osteo-
genesis. The higher doses of thGH, i.e., 0.35 mg/Kg/week are recommended
as CKD is a GH-resistant state. Serum phosphate and PTH levels should be
monitored, as therapy with thGH is associated with phosphate retention and
consequent further rise in PTH. There are no adverse effects of rhGH on renal
function; however, increased risk of chronic graft rejection remains a
concern.

How does hypercortisolemia cause short stature?

Hypercortisolemia, whether endogenous or exogenous, in a child is associ-
ated with poor linear growth. The impaired growth is attributed to cortisol-
mediated inhibition of GHRH-GH axis, decreased pre-chondrocyte to
chondrocyte differentiation, increased chondrocyte apoptosis, impaired local
IGF1 generation and action, and increased bone collagen breakdown.
Furthermore, cortisol-mediated suppression of hypothalamo—pituitary—
gonadal axis and alteration in calcium—vitamin D homeostasis (decreased
calcium absorption and hypercalciuria) also contribute to poor linear growth
(Fig. 1.16).
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Fig.1.16 (a) A 12-year-old child with short stature, obesity, and (b) moon facies due to Cushing’s
syndrome. Note lack of striae and bruise in the child

58. What are the causes of childhood Cushing’s syndrome with normal growth
velocity?

Normal growth velocity in a child with Cushing’s syndrome can occur in the
presence of mild hypercortisolemia [as associated with primary pigmented
nodular adrenal hyperplasia (PPNAD)], intermittent hypercortisolemia (cyclical
Cushing’s syndrome), and cortisol and androgen co-secreting adrenal tumors.
In addition, children with Cushing’s syndrome due to McCune—Albright
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syndrome may have normal growth velocity, if associated with concurrent
hypersecretion of GH or thyroxine.

59. Why is short stature a common manifestation of juvenile hypothyroidism?

Short stature is a common manifestation of juvenile hypothyroidism and is
invariably associated with retarded bone age (CA>HA=BA). The causes of
poor linear growth in a child with hypothyroidism include reduced basal and
stimulated GH secretion, decreased IGF1 generation, and impaired prolifera-
tion and maturation of chondrocytes at growth plate. Moreover, pubertal delay
in children with long-standing untreated hypothyroidism also contributes to
short stature (Fig. 1.17).

Fig. 1.17 (a) A 16-year-old child with short stature due to long-standing untreated congenital
hypothyroidism. (b) Myxedematous facial features in the same child
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60. How to optimize growth and development in children with juvenile

61.

hypothyroidism?

Early diagnosis and optimal replacement therapy result in attainment of normal
final adult height in children with juvenile hypothyroidism. Children with long-
standing hypothyroidism will experience catch-up growth after initiation of
levothyroxine; however, catch-up growth is often incomplete in these patients
due to diminished chondrocyte reserve. Children in the peripubertal age and
those who are overzealously treated with levothyroxine may experience rapid
skeletal maturation and, hence, compromised final adult height. There are a few
reports of use of GnRH analogue with or without rhGH in peripubertal children
with juvenile hypothyroidism, who had incomplete catch-up growth. However,
the results were variable. Failure to have a catch-up growth despite optimal
levothyroxine replacement in children with juvenile hypothyroidism should
raise a suspicion of coexisting disorders like celiac disease, Turner syndrome,
or growth hormone deficiency.

What are the causes of short stature in children with TIDM?

Children with poorly controlled type 1 diabetes have impaired linear growth.
Uncontrolled diabetes is a catabolic state associated with elevated pro-
inflammatory cytokines (TNF-a, 1L-6). In addition, type 1 diabetes is associated
with low IGF1 despite high GH levels. This is because optimal concentration of
portal vein insulin is required for the expression of GH receptor at hepatocytes
and, consequently, GH-mediated IGF1 generation. Further, hypoinsulinemia
also results in increased levels of IGFBP1, leading to decreased “free” IGF1.
Early and intensive insulin therapy in children with T1DM can normalize these
abnormalities in GH-IGF1 axis and may even result in accelerated growth
velocity. The other causes of poor linear growth in children with T1DM include
associated celiac disease, hypothyroidism, and delayed puberty.

62. How to suspect growth hormone deficiency in a neonate?

63.

The clinical clues that suggest the presence of congenital growth hormone defi-
ciency (GHD) in a neonate include midline defects, micropenis, neonatal hypo-
glycemia, prolonged physiological jaundice, and breech presentation. The birth
length is usually normal in neonates with congenital GHD as prenatal growth is
GH-independent.

Why is congenital growth hormone deficiency associated with prolonged physi-
ological jaundice?

Glucuronyl transferase is a key enzyme involved in bilirubin metabolism, and
its activity is regulated by thyroxine and growth hormone. Therefore, neonates
with congenital hypothyroidism or growth hormone deficiency present with
prolonged physiological jaundice (>2 weeks in term and >3 weeks in preterm
baby).
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64. How to suspect growth hormone deficiency in a prepubertal child?

GHD should be suspected in a short child with severe short stature (<—3SD),
height <-2SD with height velocity <—1SD over 1 year, or height velocity <-2SD
over 1 year. The phenotypic features which suggest a diagnosis of GHD in a short
child include prominent forehead, depressed nasal bridge, midfacial hypoplasia,
facial immaturity, chubby face, delayed dentition, tardy nail growth, micropenis,
and overweight for height. History of breech presentation, presence of nystag-
mus, or midline abnormalities like cleft lip, cleft palate, or single central incisor
and bifid uvula in a short child should also raise a suspicion of GHD. In addition,
a child with known sellar—suprasellar pathology or having other anterior pituitary
hormone deficiencies should also be evaluated for GHD (Fig. 1.18a, b).

Fig. 1.18 Midline defects in patients with hypopituitarism, (a) bifid uvula, (b) single central
incisor

65.

66.

What are the endocrine complications associated with breech delivery?

Breech delivery is associated with a risk of injury to pituitary, adrenal, and
testes. Injury to the pituitary stalk during breech delivery may manifest later as
isolated growth hormone deficiency or multiple pituitary hormone deficiency.
However, the cause and effect relationship between breech delivery and hypo-
pituitarism is not well established. In addition, breech delivery may be associ-
ated with adrenal hemorrhage (with adrenal insufficiency) and torsion testes.

What are the causes of GHD?

The most common cause of short stature is familial. GHD accounts for approxi-
mately 15% of children with short stature and may be isolated or associated
with multiple pituitary hormone deficiencies. However, isolated GHD in major-
ity of children is idiopathic. The causes of GHD are shown in the figure given
below (Figs. 1.19, 1.20, and 1.21).
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Aetiology of GH deficiency

Congenital Acquired
* Sellar/suprasellar tumors
Trauma
Meningitis, encephalitis
Cranial irradiation
Langerhan’s cell

Hypothalamic Pituitary GH gene defects histiocytosis
defects transcription ¢ Type 1 (GH-N gene defect)
* Septo-optic factor defects ¢ Type 2 (abnormal GH
dysplasia e PROP 1 molecule)
* Holoprosencephaly e PIT1 ¢ Type 3 (bio inactive GH)
e LHX 4
e PITX2

Fig.1.19 Aectiology of growth hormone deficiency

Ll

Fig.1.20 (a) Short stature as a result of panhypopituitarism consequent to post-meningitis hydro-
cephalus. (b) Coronal FLAIR MRI showing enlarged ventricles in the same patient
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Fig.1.21 (a) A 13-year-old short child with isolated GH deficiency. (b) Note the cherubic face,
blue sclera, and (¢) micropenis

67. What is pseudohypoparathyroidism?

Pseudohypoparathyroidism is a metabolic bone disease characterised by typical
features of Albright hereditary osteodystrophy including round facies, short stat-
ure, obesity and short metacarpals and metatarsals. Biochemiocally, high PTH
with hypocalcemia and hyperphosphatemia are unique as opposed to idiopathic
hypoparathyroidism which is characterised by low PTH. Further, basal ganglia
calcification on plain CT helps in predicting the duration of the disease. The defect
is confined to either PTH receptor or post-receptor signaling pathway. The photro-
graph given below depicts a child with pseudohypoparathyroidism (Fig. 1.22).
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Fig. 1.22 A 12-year-old girl presented with hypocalcemic seizures. Note the (a) typical round
facies (b) brachydactyly (¢) X-ray hand confirms the presence of short 4™ and 5" metacarpals (d)
CT head depicting bilateral basal ganglia calcification

68. When to consider subnormal height velocity in a child?

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. The pubertal growth spurt is approximately
28 cm in boys and 25 cm in girls. Deviation from this normal pattern should be
considered as pathological. In addition, crossing a centile curve downward in growth
chart or height velocity <—2 SD for 12 months is subnormal and merits evaluation.

69. What are the causes of short stature with normal height velocity?

Majority of children with short stature have subnormal height velocity; how-
ever, the children with FSS and CDGP have normal growth velocity despite
short stature.
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70. What are the causes of accelerated height velocity with short final adult

71.

height?

The causes of accelerated height velocity with short final adult height are pre-
cocious puberty and thyrotoxicosis. These children are usually taller as com-
pared to their peers during childhood but eventually they are short adults.
Children with precocious puberty have an initial growth spurt due to gonadal
steroid-mediated GH-IGF1 surge followed by early epiphyseal closure due to
estrogen excess. Children with thyrotoxicosis have an increased height velocity
due to the direct effect of thyroxine on epiphyseal growth plate and thyroxine-
mediated GH-IGF]1 surge. This is followed by premature epiphyseal closure as
a result of the action of thyroxine on growth plate and due to induction of aro-
matase activity by thyroxine.

What are the causes of accelerated height velocity with normal adult height?

The causes of accelerated height velocity with normal adult height include
childhood obesity, Beckwith—-Wiedemann syndrome, and Soto’s syndrome.
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2.1

Clinical Rounds

Who does need to be evaluated for short stature?

Evaluation for short stature is indicated in a child whose:

Height >3SD below the mean for age and gender

ggight <-2SD with a height velocity <—1SD over a period of 12 months
ggight velocity SDS <-2SD over a period of 12 months

grredicted adult height >1.5SD below the target height

giowth curve crosses downward by >1 centile curve in the growth chart over
a period of 12 months

. Why is height SDS of -3 recommended for the evaluation of short stature?!

Although a height >2SD below the mean for age and gender is used to define short
stature, evaluation of short children based on this criteria yields organic etiology only
in 14% of these children. However, when a height SD <-3 is considered for the
evaluation of short stature, the proportion of children with organic causes increases to
58 %. Nevertheless, children with height between —2SD and —3SD need careful mon-
itoring for growth velocity, and if they show faltering, they need further evaluation.

. Does a single measurement of height suggest growth failure?

A single measurement of height does not suggest growth failure, unless the
child is extremely short (<—3SD). The serial measurement of height determined
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over a period of time, preferably for 6—12 months, helps to calculate the height
velocity. Short stature when compounded with decreased height velocity sug-
gests growth failure and demands further evaluation.

Who does need an urgent evaluation for GHD?

The auxological criteria which demands urgent evaluation for GHD include
severe short stature (height <-3SD) or height <-2SD with height velocity
<—1SD over 1 year or height velocity <—2SD over 1 year. Any neonate with
symptoms and signs of GHD/MPHD or any child with sellar—suprasellar mass
should be urgently evaluated for GHD, irrespective of auxological criteria. In
addition, any short child with signs and symptoms of an intracranial lesion
should also be urgently evaluated.

5. What are the investigations required for evaluation of a short child?

A detailed history and physical examination usually provides clues to the dif-
ferential diagnosis of short stature and guide further investigations. The mini-
mum investigations to be done in a short child are complete blood count,
creatinine, urine analysis, bicarbonate, calcium, phosphorous, alkaline phos-
phatase, SGOT, SGPT, albumin, TSH, T,, and celiac serology (IgA tTG).
Karyotype should be done in all girls with unexplained short stature and/or
delayed puberty. X-ray for bone age predicts child’s growth potential and also
may give clues to certain differential diagnosis (rickets/dysplasia). These inves-
tigations are mandatory before proceeding for GH-IGF1 dynamics.

What is the “ternary complex” in GH-IGF axis?

The “ternary complex” comprises of IGF1, IGFBP3, and acid labile subunit (ALS)
in equimolar ratio. Serum IGF1 and ALS are synthesized in hepatocytes, while
IGFBP3 in the Kupffer cells of the liver. All the components of ternary complex
including IGF1, IGFBP3, and ALS are GH-dependent. The ternary complex pro-
longs the half-life of IGF1 (from 10 min to 12-15 h) and regulates the bioavail-
ability of IGF1 to target sites. Therefore, patients with mutation of ALS gene have
reduced serum levels of IGF1 and IGFBP3. However, growth impairment in these
children is modest due to preserved local IGF1 generation at the growth plate.

What are the merits and demerits of serum IGF1 in the diagnosis of growth
hormone deficiency?

Serum IGF1 is a measure of integrated growth hormone secretion. In addition, the
circulating levels of IGF1 are stable with minimal diurnal variation. Therefore,
estimation of serum IGF1 is a useful tool for the assessment of GH-IGF1 axis. It
has a sensitivity and specificity of 70 % each, for the diagnosis of GHD in older
children, but the sensitivity is lesser (50 %) in younger children (<6 years) because
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10.

11.

of higher degree of overlap between normal and abnormal values in this age
group. Therefore, IGF1 is considered as a good screening test for the diagnosis of
GHD in older children. However, serum IGF1 levels are influenced by age and
nutritional status, and its generation is dependent on optimal levels of insulin,
thyroid hormones, and gonadal steroids. Further, IGF1 assays are technically
challenging as it requires separation of IGF1 from IGFBP3.

What is the utility of serum IGFBP3 in the diagnosis of growth hormone
deficiency?

Serum IGFBP3 is GH-dependent and is a measure of integrated GH secretion. Its
circulating levels are stable with no diurnal variation. It is not influenced by age,
nutritional status, or other endocrine factors. Further, assays for IGFBP3 are rela-
tively technically less demanding. Therefore, IGFBP3 serves as a useful measure
for the assessment of GH-IGF1 axis and has a sensitivity and specificity of 60 %
and 80-90 %, respectively, for the diagnosis of GHD. It is preferred in the diag-
nosis of GHD in younger children (<6 years), because of its higher discriminatory
value as compared to IGF1. Limited data is available regarding the use of combi-
nation of IGF1 and IGFBP?3 for the diagnosis of GHD in children.

What is the utility of random GH estimation in the diagnosis of GHD?

Growth hormone secretion is pulsatile with four to six pulses at night during
non-rapid eye movement (NREM) sleep and three to four pulses during day-
time in the postabsorptive phase. Therefore, random estimation of GH may not
be useful for the diagnosis of GHD. However, random GH sampling is useful in
the evaluation of patients with suspected neonatal GHD and growth hormone
insensitivity. A random serum GH value <7 ng/ml in the first week of life (along
with clinical signs or symptoms) suggest the diagnosis of neonatal
GHD. Random GH >5 ng/ml in the presence of low IGFI is diagnostic of
growth hormone insensitivity.

What is the role of integrated GH sampling in the evaluation of GHD?

There are conflicting reports regarding the utility of integrated GH sampling for the
evaluation of GHD. Although it is a measure of 24h spontaneous GH secretion, it is
seldom used in clinical practice as it is labor intensive, expensive, and has poor
sensitivity.

What is neurosecretory dwarfism?

Some children with short stature have low serum IGF1 despite normal GH
response to provocative stimulation tests. However, on 24h integrated GH sam-
pling, these children have abnormalities in GH secretory profile including
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decreased pulse amplitude or frequency (or both) or reduced mean 24h GH con-
centration. These children are termed as “neurosecretory dwarfs” and are thought
to have functional defects in the neuroendocrine regulation of GH secretion.
However, the term neurosecretory dwarfism is obsolete and these children are
classified under the category of idiopathic short stature (ISS). Children with neu-
rosecretory dysfunction show excellent response to thGH therapy.

What is the need for GH dynamic tests in the evaluation of GHD?

Although auxology is the best index for the assessment of GHD, biochemical
assessment of GH-IGF1 axis is required for the confirmation of the same.
Random GH estimation has limited value in the diagnosis of GHD as GH secre-
tion is pulsatile, and the GH levels can range from <0.1 ng/ml during the nadir
to >30 ng/ml during the peak, even in normal individuals. Serum IGF1 is a good
screening test; however, there is a great degree of overlap between the levels
found in normal children and those with GHD (i.e., low sensitivity). In addi-
tion, serum IGF1 is influenced by many factors other than GH. Because of these
limitations, GH dynamic tests are employed for the evaluation of GHD.

When should a short child be evaluated for GHD?

Since GHD is a rare cause of short stature, evaluation of GH-IGF]1 axis is recom-
mended only after careful exclusion of common causes of growth failure includ-
ing chronic systemic diseases (e.g., celiac disease, renal tubular acidosis),
hypothyroidism, rickets, Turner’s syndrome, pseudohypoparathyroidism, and
skeletal dysplasias.

What are the various GH dynamic tests employed for the evaluation of GHD?

Dynamic tests for the evaluation of GHD can be physiological or pharmaco-
logical. The physiological stimuli used are exercise and sleep, whereas pharma-
cological stimuli include insulin-induced hypoglycemia, clonidine, glucagon,
L-dopa, arginine, GHRH, and combined GHRH-arginine.

What are the prerequisites for GH dynamic testing?

GH secretion is regulated by various factors which include diet, sleep, exercise,
thyroid hormones, cortisol, and gonadal steroids. Dietary constituents like
amino acids stimulate GH secretion, while glucose and free fatty acids inhibit
GH secretion. Therefore, GH dynamic tests are recommended to be performed
in the fasting state. Thyroxine has a permissive role in GH-IGF1 secretion;
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17.

therefore, euthyroidism should be ensured prior to GH dynamic tests. In addi-
tion, gonadal steroids also influence GH-IGF1 secretion; hence, priming with
estrogen/testosterone should be considered in children above 8 years of age
having Tanner stage <2. GH dynamic tests should not be performed in children
receiving >15 mg/m?day of hydrocortisone or its equivalents, as this may lead
to more false-positive results.

What is the rationale of “priming” prior to GH dynamic testing?

Gonadal steroids potentiate GH secretion and this results in GH-IGF1 surge dur-
ing puberty. Hence, priming with gonadal steroids is required to optimize GH
response to provocative stimuli in children of peripubertal age. However, there
are controversies regarding the need for priming, the age at which priming should
be done and which agent should be used for priming. Priming with gonadal ste-
roids is suggested in children above 8 years of age having Tanner stage <2.

How to prime with gonadal steroids before GH dynamic testing?

The various protocols for priming are summarized in the table given below.

Drugs Protocol Comments
Conjugated equine 5 mg PO in the previous night and in the Less preferred
estrogen morning of test Can be used in both
boys and girls
Ethinyl estradiol 0.1 mg PO for 3 days, prior to test Can be used in both
boys and girls
Estradiol valerate 2 mg PO for 3 days (>20 Kg), prior to test | Can be used in both
1 mg PO for 3 days (<20 Kg), prior to test | boys and girls
Testosterone enanthate | 100 mg IM injection 3 days prior to test Can be used only in
boys
18. What are the mechanisms of growth hormone release in response to GH

dynamic tests?

GH secretion is a consequence of interplay between growth hormone-releasing
hormone (GHRH) and somatostatin at the level of hypothalamus and pituitary.
GHRH stimulates the synthesis and release of GH, while somatostatin exerts an
inhibitory effect on GH secretion. Alterations in the somatostatin tone deter-
mine the pulsatility of GH secretion. The mechanism of action of various GH
secretagogues is summarized in the table given below.
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Tests

Insulin-induced
hypoglycemia
Clonidine

Glucagon stimulation
test

L-Dopa

Arginine
GHRH
Ghrelin and analogues
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Mediator

Low plasma glucose (gluco-
receptors at hypothalamus)

Norepinephrine

Glucagon

Peptidyl fragments of glucagon

Dopamine

Arginine
GHRH
Ghrelin

Mechanism
| Somatostatin via cholinergic
receptors

1 GHRH via a,-adrenergic
receptors

1 GHRH via a,-adrenergic
receptors

1 GHRH via a,-adrenergic
receptors

| Somatostatin via cholinergic
receptors

Direct stimulatory effect of
peptidyl fragments on
somatotropes

1 GHRH via a,-adrenergic
receptors

| Somatostatin via cholinergic
receptors

| Somatostatin

Direct effect

Increases GHRH release
Potentiates the effect of GHRH

19. What are the merits and demerits of different GH dynamic tests?

The merits and demerits of different GH dynamic tests are summarized in the
table given below.

Tests

Insulin-induced
hypoglycemia (IIH)

Clonidine

Glucagon

L-Dopa

Arginine-GHRH

Ghrelin and analogues

Merits
Gold standard

Assess multiple pituitary
hormones (GH, ACTH,
prolactin, and ADH)

Reproducible

Oral route

Preferred in children

Also assess ACTH reserve
Oral route

Most potent
Safe
Reproducible

Potent

Demerits

Risk of severe hypoglycemia
which can cause seizure and
arrhythmia

Less effective in older children
Causes sedation and hypotension

Causes nausea and vomiting

Causes sedation
Less potent
Expensive

Limited availability

Falsely negative in those with
hypothalamic causes of GHD

Limited data
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20.

21.

22.

23.

24.

Which is the preferred GH dynamic test?

Insulin-induced hypoglycemia is considered as the gold standard for the diag-
nosis of GHD. However, the test is associated with adverse events; hence,
clonidine and glucagon stimulation tests are commonly performed in clinical
practice. Considering the merits and demerits of different GH dynamic tests,
arginine—GHRH seems to be an alternative to these tests; however, cost and
limited availability precludes its routine use in clinical practice.

Why is there a need for two dynamic tests in the diagnosis of GHD?

At least two GH dynamic tests are required for the confirmation of the diagno-
sis of GHD due to low specificity of these tests. Both the tests should be abnor-
mal to make a definitive diagnosis of GHD. However, a single dynamic test is
sufficient to diagnose GHD in those with structural pituitary defects or multiple
pituitary hormone deficiencies.

How to define GH deficiency after GH dynamic tests?

For the diagnosis of childhood GHD, a peak serum GH level <10 ng/ml after pro-
vocative stimuli is considered as subnormal, whereas a cutoff <7 ng/ml is consid-
ered as severe GHD. In spite of the differences in relative potency and mechanism
of action, the stimulated levels of GH differ modestly between the different
dynamic tests. Hence, the same GH cutoffs are used to define GHD while using
various tests. However, when using GHRH-arginine a cutoff <19 ng/ml is sug-
gested because of its high potency.

What are the limitations of GH dynamic tests in childhood GHD?

GH dynamic tests are nonphysiological and have poor specificity and reproducibil-
ity. These tests assess pituitary GH reserve but do not provide information regarding
pulsatility of GH secretion and bioactivity. Hence, a normal peak GH response to a
dynamic test may not necessarily translate into optimal linear growth. In addition,
the cutoffs for the diagnosis of GHD are arbitrary and do not take into account the
effect of age and BMI on GH dynamics. There is also controversy regarding priming
with sex steroids. Lastly, the risks associated with GH dynamic tests like hypoglyce-
mia, seizure, and hypotension limit their use in clinical practice.

What is the importance of CTIMR imaging in the evaluation of children with GHD?

All patients with documented GHD should be subjected to MR imaging of the
sellar region to exclude the possibility of sellar—suprasellar mass lesions, struc-
tural defects of pituitary gland and stalk or midline defects. In addition, CT
head may be required to detect calcification in patients with craniopharyngioma
(Figs. 2.1, 2.2, and 2.3).
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MAGNETOM_E:

Fig. 2.1 (a) Sagittal CEMRI and (b) sagittal T2ZW MR image showing a predominantly cystic
suprasellar mass lesion (red arrow) suggestive of craniopharyngioma

Fig.2.2 Coronal CEMRI
demonstrates a hypoplastic
pituitary gland (red arrow)
in a child with
panhypopituitarism. Also
note cavum septum
pellucidum (arrow head)
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Fig.2.3 (a) A 6-year-old boy with short stature (b) axial plain CT scan showing dense suprasellar
chunky calcification (red arrow) in the same patient suggestive of craniopharyngioma

25. What is MRI “tetrad” associated with GHD/MPHD?

The MRI tetrad includes small sella, hypoplastic/absent anterior pituitary,
redundant/absent pituitary stalk, and ectopic/absent posterior pituitary bright
spot. The presence of these structural defects in a short child is highly predic-
tive of multiple pituitary hormone deficiency; hence, only a single GH dynamic
test is required to establish the diagnosis of GHD in these patients. The pres-
ence of these abnormalities is also suggestive of irreversible GHD; therefore,
GH dynamic tests may not be required during transition to adulthood in these
patients (Fig. 2.4).
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Fig. 2.4 (a) A 20-year-old male with short stature and delayed puberty due to multiple pituitary
hormone deficiency. (b) Sagittal CEMRI showing small pituitary (red arrow), redundant stalk, and
ectopic posterior pituitary bright spot (arrow head) suggestive of pituitary transcription factor defect

26. What is septo-optic dysplasia?

Septo-optic dysplasia (SOD) includes midline defects of brain (absence of sep-
tum pellucidum, corpus callosum agenesis), optic nerve dysplasia, and pituitary
hypoplasia. Two out of these three abnormalities are required for the diagnosis
of SOD. Familial forms of SOD are caused by HESXI1 transcription factor
defect and are associated with multiple pituitary hormone deficiency including
vasopressin (Fig. 2.5).
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Fig. 2.5 (a) A 21-year-old boy with panhypopituitarism and septo-optic dysplasia. (b) Fundus
examination showing temporal pallor of left optic disc. (¢) Electroretinogram depicting absence of
a and b wave in the left eye. (d) Visual evoked responses revealed absence of waveforms in the left
eye. (e) CEMRI sella demonstrating classical tetrad (ectopic posterior pituitary bright spot, red
arrow) of pituitary transcription factor defect. (f) Coronal MR image depicting left optic nerve
hypoplasia as compared to right optic nerve (red arrow)
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27.

28.

29.

30.

What is waxing and waning pituitary?

Alterations in the size of the pituitary gland in children with congenital GH or
multiple pituitary hormone deficiency due to PROP1 transcription factor defects
have been described during the course of disease. “Waxing” is probably due to
physiological compensatory hyperplasia of the residual pituitary cells due to
increase in the expression of transcription factors like HESX1 which is nor-
mally repressed by PROP1 or due to hypertrophy of the intermediate lobe and
“waning” is due to ongoing pituitary damage and fibrosis.

How to treat a child with growth hormone deficiency?

A child with documented growth hormone deficiency should be treated with rhGH
in a dose of 0.18-0.35 mg/Kg/week (1 mg = 3 IU). The rhGH is administered
subcutaneously, daily between 8 and 9 pm to mimic the physiology of GH secre-
tion. Optimal response to GH requires adequate nutrition and regular physical
activity. In addition, regular surveillance for the development of thyroid hormone
and cortisol deficiency is required to optimize the response to rhGH therapy.

What are the predictors of response to rhGH therapy?

The predictors of response to thGH therapy include optimal doses, daily admin-
istration, initiation of therapy at an early age, severity of GH deficiency, pre-
treatment growth velocity, and genetic potential of an individual. In addition,
individuals with GH receptor polymorphism (GHRd3) have been shown to
respond better to thGH therapy. However, children with previous spinal irradia-
tion exhibit suboptimal response to thGH therapy.

How to adjust the doses of rhGH in a child with GHD?

Optimal growth response is the best index to assess the adequacy of thGH therapy
in a child with GHD. The dose of thGH should be periodically adjusted on the
basis of body weight. If the growth response is not adequate, dose of thGH should
be increased to 0.35 mg/Kg/week after ensuring compliance to therapy and exclu-
sion of hypothyroidism. If the growth response is suboptimal even after adequate
doses of rhGH, serum IGF1 should be measured and if low, a possibility of resis-
tance to GH should be considered. In addition, estimation of serum IGF1 is rec-
ommended at periodic intervals to ensure compliance and safety. However, serum
IGF1 level alone should not be used to increase the dose of thGH therapy as
IGF-based dosing schedules are associated with higher requirement of thGH
(about 2.5 times) as compared to weight-based regimens. The higher doses of
rhGH are associated with more adverse events and do not translate into increased
linear growth. Persistently (>2 years) high serum IGF1 (>2SD) should be avoided
as it may be associated with an increased risk of malignancy. It has been shown
that increasing the doses of thGH during puberty (up to 0.7 mg/Kg/week) results
in increased final adult height by approximately 4.6 cm (Fig. 2.6).
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Fig.2.6 Acromegaloid
features in an 18-year-old
boy with GH deficiency
following IGF1-targeted
rhGH therapy

31. How to monitor a child on rhGH therapy?

After initiation of GH therapy, auxological parameters including height, weight,
body proportions, and waist circumference should be monitored at three
monthly intervals. Height velocity should be monitored six monthly and bone
age annually. In addition, children should be evaluated for the development of
hypothyroidism, hypocortisolism, and dysglycemia. Serum IGF1 should be
estimated after 3 months of initiation of therapy and yearly, thereafter. Serum
IGF1 should not exceed the normal reference range for age and gender (>2SD),
as it may be associated with adverse events. The child also needs to be under
regular surveillance for the development of side effects like edema, gynecomas-
tia, papilloedema (pseudotumor cerebri), slipped capital femoral epiphysis,
pancreatitis, and worsening of preexisting scoliosis (Figs. 2.7 and 2.8).
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Fig.2.7 (a,b)
Development of
scoliosis in a child
after rhGH therapy

Fig.2.8 (a,b)
Development of
gynecomastia in an
18-year-old boy
with multiple
pituitary hormone
deficiency after
rhGH therapy.
Patient did not
receive prior
testosterone therapy
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What is the expected growth response to rhGH therapy in children with GHD?

Treatment with thGH results in a brisk growth response of 10-12 cm in the
first year and 7-9 cm in the second and third years, followed by 5 cm/year
thereafter. The height SDS should increase by at least 0.25 SDS in the first
year of treatment. Suboptimal response to thGH therapy should raise a suspi-
cion of poor compliance, malnutrition, coexisting celiac disease, and hypo-
thyroidism. After exclusion of these causes, further titration of thGH doses
should be based on body weight, growth velocity, and pubertal development.

Why is there a decline in growth velocity with the continued use of rhGH?

Initiation of thGH therapy is associated with a rapid increase in growth velocity
in the first year, followed by progressive decline in efficacy over the next few
years. This phenomenon was initially thought to be associated with the devel-
opment of anti-GH antibodies; however, the antibody titers were not sufficient
to interfere with the action of GH. Increased chondrocyte recruitment and pro-
liferation from the resting zone of epiphyseal growth plate is responsible for
catch up growth after the initiation of GH therapy. The subsequent reduction in
the efficacy of thGH over the years is due to the progressive decline in the
chondrocyte reserve, and increased “chondrocyte senescence” has been sug-
gested as possible mechanisms.

What are the causes of suboptimal response to rhGH therapy?

Besides technical reasons (optimal dose, daily administration, and injection tech-
niques), the important causes of suboptimal response to thGH therapy include
development or unmasking of secondary hypothyroidism, concurrent presence of
celiac disease, malnutrition, previous spinal irradiation, and development of anti-
GH antibodies particularly in those with GH gene (GH-N) deletion.

Why is it necessary to monitor serum T, in patients on rhGH therapy?

Therapy with rthGH results in increased peripheral conversion of T, to Tj,
leading to decrease in T, and increased T;. These changes usually occur
within first 3 months after initiation of therapy and resolves spontaneously
by 6—12 months. Some studies have shown a decrease in TSH after rhGH
therapy; this may be due to inhibition of thyrotropes as a consequence of
increased T; and augmented somatostatin tone. The development of hypo-
thyroidism is uncommon in majority of patients; however, thGH therapy
may unmask central hypothyroidism in individuals with multiple pituitary
hormone deficiency. Hence, it is recommended that thyroid function tests
should be performed after 3 months of initiation of rhGH therapy and annu-
ally thereafter.
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When to induce puberty in children with multiple pituitary hormone deficiency
those who are on rhGH therapy?

In children with multiple pituitary hormone deficiency, those who are on thGH
therapy from childhood, and those who have a normal growth, puberty should
be induced with gonadal steroids at a chronological age of 11-12 years in girls
and 12-13 years in boys, if there is evidence of gonadotropin deficiency (e.g.,
micropenis, cryptorchidism). However, in children with multiple pituitary hor-
mone deficiency, who were initiated on rhGH at a later age and have subnormal
prepubertal height, puberty should be induced at the age of 13 years in girls and
14 years in boys. Further delaying the induction of puberty may have a negative
impact on psychosocial development and bone health. For induction of puberty,
gonadal steroids should be initiated at low doses and the doses are progres-
sively increased over a period of 3—4 years. However, prior to initiation of
gonadal steroids, a child with MPHD should be optimally replaced with
L-thyroxine, as under or over replacement may interfere with growth and
puberty. Overtreatment with glucocorticoids should be avoided as it adversely
affects growth and puberty. It has been shown that increasing the doses of rhGH
during puberty (up to 0.7 mg/Kg/week) results in increased final adult height by
approximately 4.6 cm.

What is the role of combination therapy with rhGH and GnRH agonists in chil-
dren with isolated GHD?

Delaying the onset of puberty may improve the final adult height in children
with short stature at the onset of puberty. Combination therapy with thGH
and GnRH agonists may be considered in children with GHD and having
short stature at the onset of puberty. However, studies of combined use of
rhGH and GnRH agonists have shown variable results. Hence, the routine use
of thGH and GnRH agonists in children with isolated GHD is not
recommended.

When to discontinue rhGH therapy in a short child?

The primary aim of treatment with thGH in a short child is to achieve a final
adult height as close to the target height as possible. The end points for discon-
tinuation of thGH therapy include achievement of the target height, decrease in
growth velocity to <2 cm/year or closure of epiphysis. However, patients with
persistent GHD due to underlying genetic or structural defects and some
patients with idiopathic GHD require continuation of thGH therapy during
adulthood.
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What are the long-term risks associated with rhGH therapy in children with
GHD?

It has been shown that long-term rthGH therapy in children with GHD is asso-
ciated with higher risk of mortality and increased risk of neoplasms. In a recent
study, Safety and Appropriateness of Growth hormone treatments in Europe
(SAGhE), it was demonstrated that rhGH therapy for children with short stat-
ure was associated with an increase in all-cause mortality with a standardized
mortality ratio (SMR) of 1.33. Patients who received higher doses of thGH
(>50 pg/Kg/day) had an increased incidence of bone tumors, subarachnoid/
intracerebral hemorrhage, cardiovascular events, and an increased all-cause
mortality with a SMR of 2.94. The risk of second neoplasms (i.e., benign
meningioma) is higher in children treated with rhGH who were childhood sur-
vivors of primary brain tumors and had exposure to cranial irradiation.
However, the risk of tumor recurrence is not increased in children with cranio-
pharyngioma, nonfunctional pituitary tumors, medulloblastoma, and germ cell
tumors after thGH therapy.

Is there a need for continuation of rhGH therapy during adulthood?

Growth hormone is not only required for linear growth but is also essential for
the maintenance of normal body composition, cardiovascular health, skeletal
integrity, and quality of life. Adult GHD is associated with altered body com-
position (decreased lean mass and increased fat mass), visceral adiposity,
adverse lipid profile (high LDL-C and low HDL-C), insulin resistance, hyper-
tension, increased procoagulant activity, systolic dysfunction, and increased
cardiovascular mortality. In addition, GHD is also associated with poor qual-
ity of life, low bone mineral density, and increased risk of fracture. Therapy
with rhGH results in improvement in body composition, lipid profile, inflam-
matory markers, bone mineral density, and quality of life. However, rhGH
therapy has not been shown to improve cardiovascular mortality in adults
with GHD.

Do all children with GHD require reassessment during transition to
adulthood?

Approximately 50 % of children with isolated idiopathic GHD do not have per-
sistent disease on retesting during adulthood, whereas 96 % of children with
multiple pituitary hormone deficiency have persistent GHD. Hence,
reassessment of GH-IGF1 axis during transition to adulthood is done on the
basis of presence or absence of structural abnormality or multiple pituitary hor-
mone deficiency. An approach to a child with GHD during transition to adult-
hood is shown in the figure given below (Fig. 2.9).
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Child with GHD in transition phase

Acquired/Congenital Acquired GHD (tumor,
MPHD irradiation, surgery)
OR Idiopathic MPHD
Congenital IGHD

with structural

abnormalities or

confirmed mutations

Idiopathic,

isolated GHD

Serum IGF1

Treatment Normal

GH dynamic test

Fig.2.9 Approach to a child with GHD during transition to adulthood

42. Who are the children likely to have reversible GHD during transition to
adulthood?

Approximately 50 % of children with idiopathic isolated GHD have reversible
growth hormone deficiency, as evidenced by normal GH dynamic studies dur-
ing adulthood. The cause of this reversibility is not well explicited. It may be
possibly due to recovery from transient disruption of neuroendocrine alteration
in GH-IGF1 axis. Alternatively, reversibility may be due to change in diagnos-
tic cutoffs of GHD for adults.

43. Who should be tested for adult-onset GHD?

As idiopathic isolated GHD is rare in adults, only those with a high probability
of having GHD are to be tested for adult-onset GHD. Hence, adults with hypo-
thalamic—pituitary disorders, traumatic brain injury, subarachnoid hemorrhage,
and those with multiple pituitary hormone deficiency should be screened. In
addition, those with history of cranial irradiation and surgery in hypothalamic—
pituitary region should also be tested. In adults with organic disease and having
MPHD (>3 hormone deficiency), a low IGF1 is highly suggestive of GHD and
GH dynamic tests may not be necessary. However, in those with organic dis-
ease and having <3 hormone deficiency, serum IGF1 and a single GH dynamic
test should be done to establish a diagnosis of GHD. Two GH dynamic tests are
recommended before making a diagnosis of idiopathic isolated GHD in adults.
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What are the GH dynamic tests recommended for the diagnosis of GHD in
adults?

Insulin-induced hypoglycemia (IIH) and GHRH-arginine test are the recom-
mended GH dynamic tests for the diagnosis of GHD in adults. However, if IIH
is contraindicated (seizure disorder, coronary artery disease) or GHRH-argi-
nine is not available, glucagon stimulation test can be performed. In those with
hypothalamic causes of GHD, GHRH test is not preferred as the test is falsely
normal in these individuals. The cutoffs to define GHD in adults are summa-
rized in the table given below.

Tests Peak GH (ng/ml)
1TH <5.1
GHRH+arginine

BMI <25 Kg/m? <115

BMI 25-30 Kg/m? <8

BMI >30 Kg/m? <42
Glucagon <3

Why are cutoffs for the diagnosis of GHD lower in adults?

Serum GH cutoffs are lower for the diagnosis of GHD in adults as there is a
progressive decline in function of somatotropes after puberty. In addition, lower
levels of GH are required in adults (for metabolic effects) as compared to chil-
dren (for linear growth).

Why is the dose of rhGH lower in adults as compared to children with GHD?

GH secretion is higher in children and adolescents as compared to adults. There
is a progressive decline in GH secretion and hepatic sensitivity to GH with
advancing age; hence, serum IGF1 levels progressively declines with aging.
Therefore, the dose of thGH (for promoting linear growth) in children is much
higher than in adults with GHD (for the improvement in metabolic profile and
quality of life). The initiating doses of thGH are 0.2 mg/day and 0.3 mg/day in
adult men and women, respectively, and 0.1 mg/day in older individuals. The
doses are increased by 0.1-0.2 mg after 1-2 months to maintain serum IGF1 in
the upper normal range.

Why is the dose of rhGH in adults IGF l-based rather than weight-based?

As opposed to children where weight-based GH regimens are used, IGF1-based
regimens are recommended in adults with GHD. In adults, weight-based GH regi-
mens are associated with higher doses and, hence, more adverse effects like pares-
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thesia, joint stiffness, peripheral edema, and arthralgia. Higher doses of thGH do
not translate into any additional benefits in metabolic profile as compared to lower
doses. Further, there is also high inter-individual variability in GH absorption
kinetics from subcutaneous sites in adults as compared to children which favors
IGF1-based regimen and precludes the use of weight-based regimen.

Why are the doses of rhGH higher in women than in men with GHD?

The circulating levels of GH have been shown to be twofold higher in adult
women as compared to men, and this is thought to be due to the direct effects
of estrogen on GH secretion. However, the circulating levels of IGF1 are almost
similar or rather lower in women during adulthood, which is due to the antago-
nistic effects of estrogen on GH-mediated IGF1 generation at hepatocytes.
Hence, women require higher doses of rhGH for the treatment of
GHD. Interestingly, during prepubertal and peripubertal period, serum IGF1
levels are higher in girls as compared to boys, probably due to stimulatory
effects of low concentration of estrogen on GH-mediated IGF1 generation.

What are the FDA-approved indications of rhGH therapy besides GHD?

The FDA-approved indications of rhGH therapy in children with short stature
without GHD include Turner syndrome, Noonan syndrome, chronic kidney dis-
ease, Prader—Willi syndrome, idiopathic short stature (height <-2.25 SD),
small for gestational age, and SHOX haploinsufficiency (Leri-Weill syndrome).
In addition, thGH therapy is also approved in patients with AIDS-associated
cachexia and short bowel syndrome on total parenteral nutrition.

Is GH dynamics mandatory before initiating rhGH therapy in a short child?

GH dynamics are mandatory to establish the diagnosis of GHD in a short child.
However, in children with short stature due to Turner syndrome, Noonan syn-
drome, Prader—Willi syndrome, small for gestational age, and chronic kidney
disease, GH dynamic tests are not required prior to initiation of rhGH therapy.
Recombinant hGH therapy should be initiated in children with these disorders
when the child starts faltering on standard growth chart and should be followed
up on the same growth chart.

Which growth chart is recommended for children with intrinsic short stature?

The height of children with intrinsic short stature should be monitored on stan-
dard growth chart as well as syndrome-specific growth chart. Monitoring of
height of a child on standard growth chart allows the early recognition of
growth failure (crossing of one centile curve downward) and timely initiation of
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rhGH therapy, if indicated. Further, children who are treated with rhGH should
be monitored on standard growth chart. A child who falters on syndrome-
specific growth chart should be evaluated for secondary causes of growth fail-
ure like hypothyroidism, celiac disease, or coexisting GHD.

What are the causes of GH-sufficient short stature?

Children with systemic disorders, idiopathic short stature, intrinsic short stat-
ure, small for gestational age, and GH insensitivity syndrome are short despite
GH sufficiency.

Why is higher dose of rhGH recommended in the treatment of children with
non-GHD short stature?

The dose of rhGH used in children with non-GHD short stature is higher
(0.375 mg/Kg/week) as compared to that used in children with GHD (0.3 mg/
Kg/week). This is because these disorders are GH-resistant states and need sup-
raphysiological doses for optimal growth.

What is Laron syndrome?

Laron syndrome is an autosomal recessive disorder, which is a prototype of
growth hormone insensitivity syndromes (GHIS). The defects in GHIS include
defective GH receptor dimerization or post-receptor signaling events resulting
in decreased IGF1 generation (e.g., STATSb mutation) or defective IGF1 stabi-
lization and rarely mutations in IGF1 gene. The characteristic features of Laron
syndrome include severe short stature (—4 to —10SDS), midfacial hypoplasia,
blue sclera, delayed motor milestones, and hip dysplasia. Despite severe short
stature, birth length and birth weight are usually normal. Biochemically, it is
characterized by high/normal GH levels along with low IGF1. Disorders like
malnutrition, uncontrolled diabetes, and chronic renal failure can also have a
similar biochemical profile. Treatment with recombinant human IGF1 is effec-
tive in children with Laron syndrome (Fig. 2.10).
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Fig.2.10 (a) A 14-year-old child with Laron syndrome. (b) Note the typical facial features in the
same child
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How to diagnose GH insensitivity syndrome?

The presence of low IGF1 along with peak GH >15 ng/ml during GH dynamic
test in a short child should raise a suspicion of GHIS. The diagnostic criteria
(Savage and Blum) for GHIS include height SDS <-3, basal GH >5 ng/ml,
serum IGF1 <50 ng/ml, GH binding with GHBP <10%, and subnormal
response to IGF1 generation test. In this test, thGH is administered daily for
four consecutive days at a dose of 0.033 mg/Kg/d subcutaneously at 2000h and
serum IGF1 is estimated at baseline and on day 5 at 0800h. An increment in
IGF1 of <15 ng/ml is considered subnormal. Three out of these five criteria are
required to make a diagnosis of GHIS. In addition, a low serum basal IGFBP3
(<0.1 centile for age) and an increment in IGFBP3 <0.4 mg/L after IGF1 gen-
eration test also supports the diagnosis.

Why are the pygmies short?

Pygmies are an aboriginal group of people endemic to Africa and characteristi-
cally have severe short stature. The severe growth failure in these individuals
was thought to be due to IGF1 receptor mutation or defects in downstream
IGF1 signaling pathway. However, the recent studies have demonstrated that
they have normal levels of GH, low levels of GHBP, and normal to low levels
of IGF1. The exact cause of short stature in these individuals is not known;
however, defects in GH receptor, IGF1 gene, and IGF1 receptor are the pro-
posed mechanisms. Treatment with recombinant human GH or IGF1 does not
improve height in pygmies.

What are the causes of tall stature?

An individual with height two standard deviation (>97" percentile) or more
above the mean as compared to children of the same age, gender, and ethnicity
is considered to have tall stature. The causes include familial tall stature, acro-
gigantism, Marfan syndrome, homocystinuria, and XYY syndrome. In addition,
individuals with hypogonadotropic hypogonadism, Klinefelter’s syndrome,
estrogen receptor mutations, and aromatase deficiency also have tall stature in
adulthood (Fig. 2.11).
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Fig.2.11 Acrogigantism due to microsomatotropinoma

58. How to treat adolescents with familial tall stature?

Increased GH pulse amplitude and relatively higher IGF1 level have been dem-
onstrated in children with familial tall stature. The treatment modalities for
adolescents with familial tall stature include testosterone in boys and estrogen
in girls. Bromocriptine and somatostatin analogues have been tried in both
sexes with limited success.
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3.1 Case Vignette

A 14-year-old girl presented with complaints of growth failure and poor develop-
ment of secondary sexual characteristics. She also complained of occasional head-
ache and for that a brain imaging was performed. The MRI of the brain showed a
sellar—suprasellar mass and she was referred to the department of neurosurgery for
surgical intervention. An endocrine consultation was sought prior to subjecting the
patient to surgery. A detailed history was elucidated, which revealed that she had
linear growth failure for the last 7-8 years. She also complained of lethargy, weak-
ness, constipation, cold intolerance, dry skin, and decreased appetite. She studied
till class seventh; however, later she dropped out because of progressive decline in
her scholastic performance. There was history of poor development of secondary
sexual characteristics; however the mother gave a history that the patient had a sin-
gle episode of vaginal bleed at the age of 12 years. She had no history of visual field
defect or diminution of visual acuity. She was residing in iodine-sufficient area and
had no family history of autoimmune disorders. On examination, her height was
116 cm (=7 SDS, height age 6 years and target height 164 cm), weight 35 Kg
(weight age 10.5 years), pulse rate 64/min, regular and blood pressure 90/60 mmHg.
Her facial features revealed pallor with yellowish hue, periorbital puffiness, and
depressed nasal bridge. She did not have goiter. Her skin was dry and coarse with
papillomatous eruptions (toad’s skin) and scalp hair was dry, thin, and brittle. Deep
tendon reflexes were grossly delayed particularly the relaxation phase. She also had
myoedema which was elicitable on flicking the biceps belly with thumb and index
finger and showed a post-flicker mounding phase. She did not have a pseudohyper-
trophy of calf muscle. Other systemic examination was unremarkable. On investiga-
tions, hemoglobin was 8 g/dl with microcytic hypochromic anemia. Liver and renal
function tests were normal. Serum cholesterol was 220 mg/dl, LDL-C 160 mg/dl,
HDL-C 30 mg/dl, and triglyceride 220 mg/dl. Hormonal profile revealed, serum T;
0.3 ng/ml (N 0.8-2), T, 0.3 pg/dl (N 4.8-12.7), TSH 1024 pIU/ml (0.27-4.2), TPO
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>1200 IU/ml (N<34), prolactin 50 ng/ml (N 4.7-23.3), LH 0.8 mIU/ml (N 2.4-
12.6), FSH 8.6 mIU/ml (N 3.5-12.5), estradiol 15 pg/ml (N 12.5-166), and 0800h
cortisol 170 nmol/L (N 171-536). Bone age was 6 years and there was no epiphy-
seal dysgenesis. CEMRI sella revealed a 1.5x1.8 cm homogeneously enhancing
sellar—suprasellar mass, while the rest of the brain parenchyma was unremarkable.
Ultrasound pelvis showed bilateral enlarged multicystic ovaries with small uterus
and endometrial thickness of 1 mm. With this clinical and biochemical profile, she
was diagnosed as a case of long-standing, untreated juvenile primary hypothyroid-
ism of autoimmune origin (Hashimoto’s thyroiditis) with thyro-lactotrope hyperpla-
sia and multicystic ovaries. She was initiated with L-thyroxine at a dose of 25 pg/
day, with a weekly increase by 25 pg till a dose of 100 pg/day was attained. In addi-
tion, hydrocortisone was also added at a dose of 10 mg/day in divided doses. At
6 weeks of follow-up, serum T, was 6.6 pg/dl and TSH 15 pIU/ml. With initiation
of treatment, she had polyuria which abated later. The dose of L-thyroxine was
increased to 125 pg/day and hydrocortisone was withdrawn, and the repeat serum
0800h cortisol after 24h of omission of hydrocortisone was 390 nmol/L (Figs. 3.1
and 3.2).

Fig.3.1 (a) A 14-year-old child with myxoedematous features, (b) short stature with poor sec-
ondary sexual characteristics (c¢). Note the breast budding (B,) in the same child
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Fig. 3.2 (a) X-ray showing bone age of 6 years. (b) CEMRI sella showing diffuse pituitary
enlargement (thyro-lactotrope hyperplasia, red arrow). (¢) Ultrasonography of the pelvis depicting
bilateral enlarged multicystic ovaries (red arrows)

3.2  Stepwise Analysis

The index patient presented with growth failure and poor development of second-
ary sexual characteristics. With these presenting complaints, the possibilities in a
girl child include Turner syndrome, chronic systemic illness, panhypopituitarism,
Cushing’s syndrome, and juvenile hypothyroidism. As her height was more com-
promised than weight (height age < weight age < chronological age; 6 <10.5
<14 years), chronic systemic illness is unlikely. Severely retarded bone age (BA <
CA) and absence of Turner stigma decline the possibility of Turner syndrome. In
the index patient as height and weight are both severely compromised, the proba-
bility of Cushing’s syndrome is unlikely, where the children are usually short but
obese. The overt features of myxoedematous hypothyroidism and severe
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retardation of linear growth support the diagnosis of juvenile primary hypothy-
roidism. However, patients with panhypopituitarism may also have severe retarda-
tion of linear growth (due to combined deficiency of GH and TSH), but lack
myxoedematous manifestations. This is because increased TSH is required for the
accumulation of glycosaminoglycans in interstitial tissues which is conspicuously
low in patients with secondary hypothyroidism. In addition, TSH-independent T,
synthesis still continues in patients with secondary hypothyroidism; therefore, T,
deficiency is less severe in these patients as compared to patients with primary
hypothyroidism. The thyroid profile in the index patient confirmed the diagnosis
of juvenile primary hypothyroidism due to Hashimoto’s thyroiditis as she had very
high TSH and TPO antibody titer. Short stature and delayed puberty are the usual
presenting manifestations of juvenile primary hypothyroidism. Growth failure in
patients with juvenile hypothyroidism is a result of reduced GH secretion and
GH-mediated IGF1 generation as thyroxine is required for both GH secretion and
IGF1 generation. In addition, thyroid hormone has a direct effect on epiphyseal
growth plate and promotes differentiation of chondrocytes to hypertrophic chon-
drocytes which is required for growth of long bones. The mechanism of delayed
puberty in adolescents with hypothyroidism remains elusive; however, optimal
concentration of thyroxine may be required for initiation and maturation of GnRH
pulse generator activity and appropriate gonadal function. Further, elevated level
of prolactin in these patients may interfere with the development and maturation
of hypothalamo—pituitary—gonadal axis. Nevertheless, few patients with juvenile
hypothyroidism may present with gonadotropin-independent precocious puberty.
The index patient had one episode of vaginal bleed at the age of 12 years with
inappropriate development of secondary sexual characteristics (A_, P;, B,) which
suggest aberrant production of estrogen by ovarian follicle resulting in estrogen
breakthrough bleed. This is usually seen in children with gonadotropin-indepen-
dent precocious puberty where the dichotomy between the breast development and
menarche can be observed as slow, and progressive priming with estrogen is
required for the breast development as opposed to the uterus which may respond
to sudden rise in estrogen. However, in the index case, this should not be termed
gonadotropin-independent precocious puberty, as she had menarche at the age of
12 years. The presence of multicystic ovaries in our patient can be explained by
increased TRH-mediated FSH secretion and decreased FSH clearance, thereby
resulting in increased FSH, and consequent follicular cyst formation. In addition,
high circulating levels of TSH also act on FSH receptor on ovarian follicle due to
specificity-spillover, resulting in follicular growth and development. Presence of
thyro-lactotrope hyperplasia in our patient is a manifestation of long-standing,
untreated, severe primary hypothyroidism which occurs as a result of TRH-
mediated stimulation of thyro-lactotropes due to decreased negative feedback by
low levels of circulating thyroxine. Children and adolescents with long-standing,
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severe hypothyroidism should be initiated with low doses of L-thyroxine, and the
dose should be increased gradually. The reasons for initiating low doses in such
scenario include potential risk of adrenal crisis (lazy adrenal syndrome), seizures
(water and electrolyte imbalance), and hyperkinetic manifestations (upregulation
of thyroid hormone receptors). Hydrocortisone should be added along with
L-thyroxine in patients suspected to have adrenal insufficiency either primary (due
to polyglandular endocrinopathy) or secondary (due to pituitary pathology) or in
patients with long-standing hypothyroidism (lazy adrenal syndrome). Our patient
was initiated on hydrocortisone and low dose of L-thyroxine and later L-thyroxine
dose was gradually increased to 125 pg/day. She had polyuria after initiation of
therapy which occurs as a result of passage of glycosaminoglycans through urine.
Others symptoms of hypothyroidism progressively abate within 4-8 weeks except
hoarse voice and skin changes which take longer time to resolve. Children usually
experience “catch-up” growth after initiation of treatment with L-thyroxine; how-
ever, they may not be able to attain the target adult height particularly in those who
have been diagnosed late (as growth is a cumulative phenomenon) and in those
who are in peripubertal age. This occurs because skeletal maturation is much
faster than statural growth after initiation of L-thyroxine therapy. Adolescents in
peripubertal age may soon enter into puberty after initiation of L-thyroxine ther-
apy, which may further compromise their final adult height. Other untoward con-
sequences of long-standing hypothyroidism like multicystic ovaries and
thyro-lactotrope hyperplasia resolve by 6—12 months with optimum L-thyroxine
replacement and do not require surgical intervention.

3.3 Clinical Rounds

1. What is congenital hypothyroidism?

Congenital hypothyroidism (CH) is a disorder characterized by thyroid hormone
deficiency at birth. Congenital hypothyroidism can be sporadic or endemic.
Sporadic CH is usually due to thyroid dysplasia or dyshormonogenesis and
neonates with sporadic CH have less severe manifestations of hypothyroidism
due to transplacental transfer of maternal thyroxine to the fetus. Timely initia-
tion of L-thyroxine therapy is associated with almost near-normal neurocogni-
tive outcome. Endemic CH is due to severe maternal and fetal iodine deficiency
with consequent severe thyroid hormone insufficiency resulting in neurocogni-
tive dysfunction at birth. Even timely initiation of L-thyroxine therapy does not
improve the neurocognitive outcome but only improves myxoedematous mani-
festations. Infants with neurological cretinism should not be considered to have
congenital hypothyroidism as their thyroid functions are normal at birth.
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. What is the importance of maternal thyroid hormones in fetal brain development?

Thyroid hormones are essential for the fetal brain development, and they help
in neuronal cell differentiation, migration, synaptogenesis, and myelination.
During embryogenesis (first trimester) maternal T, is responsible for neuronal
development. During second trimester (12" week) and onward, fetal thyroid
gland starts functioning and gets mature by 20 week of gestation and becomes
the exclusive source of thyroid hormones. In neonates with sporadic congenital
hypothyroidism, maternal T, is the exclusive source for thyroid hormones dur-
ing the entire intrauterine period, and hence, these newborns have near-normal
brain development at birth. However, they should be soon replaced (within
6 weeks of life) with L-thyroxine to avoid the decline in cognitive score as the
brain development continues till the age of 3 years. However in neonates with
endemic cretinism, severe maternal T, deficiency (due to severe iodine defi-
ciency) during the first trimester or throughout the entire gestation results in
neurological and myxoedematous cretin, respectively.

. What are the physiological alterations in thyroid function during the neonatal

period?

Immediately after birth of a term baby, there is a physiological TSH surge,
which can be as high as 80 pIU/ml. The elevation of TSH occurs in response to
exposure to cold environment after birth. The elevated TSH increases free T,
within 24-48h, which results in induction of non-shivering thermogenesis.
Thereafter, there is a decline in TSH (which starts after 60 min of birth) and free
T, levels, and by second week free T, normalizes and TSH falls to <10 pI[U/ml.

. What is the rationale of neonatal screening for congenital hypothyroidism?

Congenital hypothyroidism (CH) is the most common preventable cause of
intellectual disability. It is a common disorder with a prevalence of about 1 in
2500 live-births, and many newborns are asymptomatic, even with severe T,
deficiency (T, <3 pg/dl). Delay in diagnosis and initiation of therapy results in
irreversible neurocognitive dysfunction. Further, relatively simple biochemical
test is available for screening, and therapy is inexpensive and highly rewarding.
Neonatal screening for congenital hypothyroidism has also been shown to be
cost effective.

. When to screen for congenital hypothyroidism?

Screening for congenital hypothyroidism is recommended in a newborn between
the second and third day of life. This is because, immediately after birth, there
is a neonatal TSH surge, followed by rapid decline in serum TSH levels during
the first 24h of life (serum TSH levels falls to 50 % of peak value by 2h and to
20 % by 24h). Thereafter, there is a gradual fall in serum TSH. Hence, neonatal
screening performed within the first 24h of life frequently yields false-positive
results and is not preferred. However, sampling from cord blood is indicated in
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those neonates whose mother is receiving antithyroid drugs or with history of
previous baby with congenital hypothyroidism.

How to screen for congenital hypothyroidism?

Sample obtained by heel prick is preferred for neonatal screening of congenital
hypothyroidism. Following heel prick, blood drop is placed on specially designed
filter paper (Guthrie’s card), is allowed to dry (for 3h), and is sent to the labora-
tory. The common strategies employed for neonatal screening include “primary
TSH” or “primary T,~backup TSH.” However, the ideal screening strategy is
combined estimation of both T, and TSH. All newborns with abnormal screening
results should have a confirmatory venous sample for FT, and TSH (Fig. 3.3).
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Fig.3.3 Neonatal screening card (Guthrie’s card). Note the filter paper marked with three circles,
where blood drop is to be placed for common screening of congenital hypothyroidism, congenital
adrenal hyperplasia, and phenylketonuria

7.

Can cord blood be used for screening of congenital hypothyroidism?

Sample from umbilical cord can be used for screening of congenital hypothyroid-
ism. Cord blood contains mixed blood from both umbilical artery and veins and can
be smeared on filter paper (dried blood spot, DBS) or can be used after separation of
serum. Cord blood sampling is performed immediately after birth (prior to neonatal
surge which occurs after 30 min of birth), thereby reducing the number of false-
positive screening tests as a result of neonatal TSH surge. This also allows for early
discharge of healthy newborns and reduces the recall rate for confirmation of thyroid
dysfunction. However, cord blood is not recommended for neonatal screening for
phenylketonuria (PKU) and congenital adrenal hyperplasia (CAH). This is because
sampling immediately after birth will result in underdiagnosis of phenylketonuria
and overdiagnosis (false positive) of congenital adrenal hyperplasia in newborns.
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Hence, cord blood sampling is not preferred for neonatal screening of congenital
hypothyroidism in regions where neonatal screening for PKU and CAH is routinely
performed, as screening for all these disorders (PKU, CAH, and CH) can be done
from a single sample obtained from heel prick after 2-3 days of life. However, cord
blood is an alternative to heel prick sampling for neonatal screening of congenital
hypothyroidism in regions with low prevalence of phenylketonuria and CAH.

8. What are the merits and demerits of different strategies in neonatal screening
program for congenital hypothyroidism?

The commonly used strategies for neonatal screening of congenital hypothy-
roidism include “primary TSH” and “primary T,—backup TSH.” TSH is the
most sensitive test for the diagnosis of primary congenital hypothyroidism;
however, a primary TSH strategy will miss central hypothyroidism and neo-
nates with hypothyroxinemia with delayed TSH rise (which is common in
newborns with low birth weight). In addition, congenital thyroxine-binding
globulin deficiency will also be missed which may not be of clinical rele-
vance. The primary T, approach can diagnose secondary hypothyroidism
and thyroxine-binding globulin deficiency; however the primary T, strategy
will miss compensated hypothyroidism (e.g., in ectopic thyroid tissue) and
subclinical hypothyroidism. Both these approaches require a recall rate of
approximately 0.05 % and may miss 3-5 % patients with congenital hypo-
thyroidism. This may be due to improper sample collection, technical diffi-
culties with assays, and immaturity of hypothalamo—pituitary—thyroid axis.
“Simultaneous T, and TSH”-based neonatal screening is the ideal screening
strategy; however, the cost-effectiveness of this approach has not been
proven. The table given below shows the incidence of various etiologies of
congenital hypothyroidism and merits and demerits of screening with vari-
ous approaches.

Primary | Primary Simultaneous
Cause Incidence TSH Tybackup TSH | T, and TSH
Primary 1 in 2500 Good Good Excellent
hypothyroidism
Secondary 1 in 16,000-1 in 100,000 No Few cases?® Few cases?®
hypothyroidism
Subclinical 1 in 30,000 Yes No Yes
hypothyroidism

“Free T, is required for diagnosis as total T, can be normal in newborn with secondary hypothy-
roidism because of increased TBG as a result of transplacental transfer of estradiol

9. How to interpret the results of neonatal screening program?

The primary TSH-based approach for neonatal screening program and further
management are depicted in the figure given below (Fig. 3.4).
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Neonatal Screening

Dried blood spot
TSH (D2/D3 of life)

Venous sample Venous sample
FT4 and TSH FT4 and TSH
Start treatment

TSH>20 plU/ml TSH 6-20 plU/ml TSH 6-20 plU/ml
Low FT4 Normal FT4

(<0.8 ng/dl)

Start treatment

Start treatment Diagnostic imaging

Retesting after

2 weeks

Or start treatment
and reassess later

Fig.3.4 Screening and management strategies for congenital hypothyroidism

10. What is transient congenital hypothyroidism?

Transient congenital hypothyroidism is defined as abnormal thyroid pro-
file on neonatal screening (low T, and high TSH), with normalization of
thyroid function after 1-2 months of age. The causes of transient congeni-
tal hypothyroidism include maternal/fetal iodine deficiency or excess,
fetal exposure to maternal antithyroid drugs, transplacental passage of
maternal thyrotropin receptor-blocking antibodies (TRAbs), heterozy-
gous mutations of DUOX2/DUOXA2, and congenital hepatic
hemangioma.

11. Why do patients with hepatic hemangioma have hypothyroidism?

Patients with hepatic hemangioma express type 3 deiodinase enzyme, which
converts T, to reverse T;. This results in reduced levels of T, and T; and conse-
quently “consumptive” hypothyroidism. This is a rare cause of hypothyroidism
and is considered as a paraneoplastic manifestation of hemangiomas.
Consumptive hypothyroidism is usually seen in infants, although a few cases
have also been described in adults. These patients require therapy with large
doses of L-thyroxine for normalization of serum T,. The disorder is self-limit-
ing and usually abates by the age of 5-6 years.
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12. What are the causes of permanent congenital hypothyroidism?

The most common cause of permanent congenital hypothyroidism is thyroid
dysgenesis (85%) followed by dyshormonogenesis (10-15%) and rarely,
central hypothyroidism. Thyroid dysgenesis is commonly sporadic, although
2% are familial. However, thyroid dyshormonogenesis is inherited as an auto-
somal recessive disorder.

Disorders Etiology Pathogenesis

Thyroid dysgenesis TTF-1, TTF-2, PAX-8, FOXE1, Defect in thyroid
—Thyroid agenesis NKX2.1, and TSH receptor gene | transcription factors which
Thyroid hypoplasia mutations are required for growth,

development, and migration

—Ectopic thyroid of thyroid gland

Dyshormonogenesis Sodium-iodide symporter, thyroid | Defective thyroid hormone
peroxidase (TPO), pendrin, synthesis
DUOX1/DUOX2 and
thyroglobulin, iodotyrosine
deiodinase gene (DEHALI)
mutations

Central hypothyroidism HESX1, LHX3, LHX4, PIT1, Defective TRH-TSH axis

13

PROP1 gene mutations
TSH-f gene mutations
TRH receptor gene mutations

. What are the clinical features of congenital hypothyroidism in a newborn?

The clinical manifestations are commonly subtle in newborns with congeni-
tal hypothyroidism (CH). Newborns with CH may be asymptomatic because
of presence of maternal T, (which contributes to approximately one-third of
circulating T, in a newborn) and residual functioning thyroid tissue. The
classical symptoms of congenital hypothyroidism include lethargy, hoarse
cry, feeding difficulty, constipation, and increased somnolence. The charac-
teristic signs of CH include prolonged neonatal jaundice, macroglossia,
umbilical hernia, wide posterior fontanelle, hypotonia, dry skin, and hypo-
thermia. Twenty percent of neonates with CH have history of postmaturity
(>42 weeks). Birth length is normal, while birth weight may be >90% percen-
tile. Presence of goiter points to a clinical diagnosis of thyroid dyshormono-
genesis, whereas absence of goiter suggests thyroid dysgenesis; however it
does not rule out dyshormonogenesis. In addition, oral cavity should also be
carefully examined for lingual thyroid. Deafness may be present in newborns
with CH as an association with congenital hypothyroidism or as a manifesta-
tion of Pendred syndrome. Delayed bone age is a characteristic feature of
CH, as evidenced by the absence of distal femoral and proximal tibial epiph-
ysis in approximately 54 % of neonates at birth (femoral epiphysis appears by
34 weeks and tibial epiphysis by 39 weeks of intrauterine life).
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14. Are congenital malformations common in newborns with congenital

15.

16.

hypothyroidism?

There is a four-fold higher prevalence of congenital malformations in newborns
with congenital hypothyroidism as compared to general population (8.4 % vs.
2%). Congenital cardiac malformations are most common, followed by
malformations of nervous system and eyes and cleft lip/palate. The most
common congenital cardiac malformation is ostium secundum atrial septal
defect, followed by tetralogy of Fallot and pulmonary stenosis.

What are the radiological manifestations of congenital hypothyroidism?

Thyroid hormones play an important role in epiphyseal growth and development.
Thyroid hormone deficiency during intrauterine period may result in absent
distal femoral and upper tibial epiphyses (in a term newborn) and wide posterior
fontanelle. Epiphyseal dysgenesis, short long bones, anterior beaking of 121
thoracic, first and second lumbar vertebra, enlarged sella, and delayed bone age
are other manifestations of untreated congenital hypothyroidism in a child.

What is Kocher—Debre—Semelaigne syndrome?

Kocher-Debre-Semelaigne syndrome refers to pseudohypertrophy of calf
muscles as a result of long-standing untreated congenital/juvenile hypothyroid-
ism. Pseudohypertrophy is a result of accumulation of glycogen, glycosamino-
glycans, and connective tissue in the muscle as a result of hypothyroidism. The
level of creatine phosphokinase is mildly elevated and electromyogram shows
a myopathic pattern. The counterpart of Kocher-Debre—Semelaigne syndrome
in adults is Hoffman’s syndrome. Both these disorders are reversible with
thyroxine therapy (Fig. 3.5).

Fig.3.5 (a) Myxedematous features in a girl with long-standing untreated primary hypothyroid-
ism. (b) Pseudohypertrophy of the calf muscles in the same patient
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17. What are the investigations required to establish an etiological diagnosis in a

newborn with confirmed congenital hypothyroidism?

Once a biochemical diagnosis of congenital hypothyroidism is established, new-
borns should be evaluated for the etiological diagnosis. In newborns with pri-
mary hypothyroidism, these include ultrasonography of neck, radionuclide
thyroid scan (***Tc pertechnetate/'?’I scan), serum thyroglobulin, TRAbs, and
urinary iodine levels. In newborns with secondary hypothyroidism, MRI sella,
other pituitary hormones, and ophthalmological evaluation for optic nerve hypo-
plasia should be performed. However, initiation of L-thyroxine should not be
delayed in neonates with congenital hypothyroidism awaiting these investiga-
tions (Fig. 3.6).

Fig.3.6 *"Tc
pertechnetate scan in a
child with congenital
hypothyroidism showing
tracer uptake in the lingual
region (red arrow)

suggestive of ectopic
thyroid

achtie

18. What are the causes of negative 99mTc pertechnetate scan in a neonate with

congenital hypothyroidism?

Absence of tracer uptake in a neonate with congenital hypothyroidism usually
suggests a diagnosis of thyroid agenesis. However, thyroid uptake may be absent
even in the presence of eutopic thyroid gland in conditions like antenatal maternal
iodine exposure, transplacental transfer of TSH receptor-blocking antibodies,
TSH suppression from L-thyroxine treatment, TSH receptor-inactivating muta-
tions, and dyshormonogenesis due to sodium—iodide symporter (NIS) defect.
Therefore, ultrasonography of the thyroid and estimation of thyroglobulin should
be performed to establish the diagnosis of thyroid aplasia (Fig. 3.7).
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Fig.3.7 *"Tc
pertechnetate scan
demonstrating no tracer
uptake in the thyroid
region or along the line of
descent of the gland in a
child with congenital
hypothyroidism due to
thyroid aplasia

19. How to approach a newborn with congenital hypothyroidism?

Thyroid radionuclide uptake and scan (*™Tc pertechnetate/!?*I scan) is the
preferred first-line investigation in a newborn with primary CH, and this
can be done even within a week after initiation of L-thyroxine therapy. An
approach to newborn with congenital hypothyroidism is shown in the fig-
ure given below. If a child was not evaluated for the etiology of congenital
hypothyroidism before initiation of therapy, L-thyroxine should not be dis-
continued, and the child may be reevaluated after 3 years of age (Fig. 3.8).

Primary Congenital Hypothyroidism

Thyroid radionuclide uptake and scan (**™Tc pertechnetate/ 23| scan)

No uptake Uptake normal/increased*

Ultrasonography of neck Ectopic thyroid gland
Dyshormonogenesis

—— — Maternal anti-thyroid drugs
No thyroid tissue Thyroid tissue present lodine deficiency

Serum Thyroglobulin ¢ TSH-B gene mutation

TSH receptor gene mutation
Maternal TSH blocking antibody
NIS defect

lodine excess

Absent Detectable :

Thyroid aplasia Apparent athyreosis

*Ultrasonography is complementary

Fig.3.8 Diagnostic approach to a child with primary congenital hypothyroidism
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How to treat congenital hypothyroidism?

The goal of therapy in congenital hypothyroidism is normalization of T,/FT,
and TSH as rapidly as possible (T,/FT, within 2 weeks and TSH within a
month) for normal growth and development. Oral L-thyroxine (L-T,) is the
therapy of choice for congenital hypothyroidism. Although Tj; is required for
neuronal growth and development, T; in brain is predominantly derived from
local deiodination of circulating T,; hence therapy with T; is not recommended.
L-thyroxine should be initiated at a dose of 10-15 pg/Kg/day for infants aged
0-3 months, 8-10 pg/Kg/day for 4-6 months, and 6-8 png/Kg/day for infants of
7-12 months. The tablet must be crushed and mixed with breast milk/formula
feed/water before administration. L-thyroxine tablet should not be mixed with
preparations containing iron/calcium/soya as they interfere with the absorption
of L-T,.

How to monitor a newborn with congenital hypothyroidism on L-thyroxine
therapy?

After initiation of therapy, infants should be closely followed up with estima-
tion of T,/FT, and TSH every fortnightly till T{/FT, and TSH are normalized
and, thereafter, one to three monthly till 12 months of age. After infancy, child
can be followed up every 2-3 monthly till 3 years of life. Sample for thyroid
profile can be taken either before the administration of next dose or at least 4h
after intake of L-thyroxine. TSH should be maintained in the age-specific nor-
mal range and T,/FT, in the upper half of age-specific normal range. The rec-
ommended cutoffs are TSH 0.5-2.5 pIU/ml and T, between 10 and 16 pg/dl (or
FT, 1.4-2.3 ng/dl) during first 3 years of life; thereafter TSH alone can be
monitored every 3—-6 months and maintained between 0.5 and 2.5 pIU/ml.
However, it should be noted that some infants may have TSH above the refer-
ence range, despite having T,/FT, above age-specific normal range. This is
possibly because of resetting of hypothalamo—pituitary—thyroid axis as a result
of long-standing hypothyroidism during intrauterine life. Linear growth and
milestones should be regularly monitored in children with congenital hypothy-
roidism on therapy. In addition, periodic assessment for hearing is also essential
in these children.

What is the neurological outcome of newborns with congenital
hypothyroidism?

It is important to initiate therapy as early as possible (preferably within 2 weeks
of birth) in newborns with congenital hypothyroidism for optimal neurocogni-
tive development. It has been shown that early therapy is associated with near-
normal intellectual outcome. However, newborns with severe congenital
hypothyroidism (as evidenced by athyreosis, absent distal femoral epiphysis,
FT, <0.38 ng/dl, and significantly elevated TSH), delay in initiation of L-T,
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therapy (>6 weeks) and those with poor compliance to therapy may have sub-
normal IQ and cognitive score (Fig. 3.9).

Fig.3.9 (a) A 14-year-old boy with primary congenital hypothyroidism having short stature, dis-
tended abdomen, and umbilical hernia (b). Myxedematous features in the same child

23. What is cretinism?

Cretinism is a disorder characterized by irreversible mental disability and
poor linear growth due to severe thyroid hormone deficiency during pre- and/
or early postnatal period (<3 years of age). Cretinism can be endemic or
sporadic. Endemic cretinism is due to severe maternal and fetal iodine defi-
ciency during intrauterine period and manifests as either neurological
or myxedematous cretinism. Sporadic cretinism is a result of long-standing
untreated congenital hypothyroidism as a consequence of thyroid dysgenesis/
dyshormonogenesis.
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24. What are the differences between endemic cretinism and sporadic congenital
hypothyroidism?

The differences

between endemic cretinism and sporadic congenital

hypothyroidism are summarized in the table given below.

Parameters
Prevalence
Geographical area

Endemic cretinism
1:25-1:100
Todine-deficient areas

Sporadic congenital
hypothyroidism
1:2500
Iodine-sufficient area

Etiology Severe maternal—fetal iodine deficiency Thyroid dysgenesis
Dyshormonogenesis
Clinical Neurological/myxedematous Myxedematous
presentation
Goiter Present (neurological cretin) Usually absent
Absent (myxedematous cretin) Present in
dyshormonogenesis
Preventive Iodine supplementation -
strategies
Therapy L-thyroxine (myxedematous cretin) L-Thyroxine
Rehabilitation (neurological cretin)
25. Why myxedematous manifestations are severe in endemic myxedematous cretin

26.

as compared to sporadic congenital hypothyroidism in a neonate?

Myxedematous manifestations are severe in newborns with endemic myxede-
matous cretinism as compared to those with sporadic congenital hypothyroid-
ism at birth. This is because maternal T, (which is transferred to fetus during
intrauterine period) is sufficient to prevent development of severe myxedema-
tous manifestations in those with sporadic congenital hypothyroidism, whereas
low maternal T, (due to severe iodine deficiency) accounts for severe
myxedematous features in newborns with endemic myxedematous cretin.

What is endemic cretinism?

Endemic cretinism is characterized by irreversible mental disability in individ-
uals born in endemic iodine-deficient regions and exhibit some or all of the
following features including; neuromuscular dysfunction (spasticity, motor
incoordination, and squint), deaf—-mutism, impaired linear growth, and hypo-
thyroidism with or without goiter. Endemic cretinism occurs in regions where
intake of iodine is <25 pg/day.



3 Thyroid Disorders in Children

27. What are the differences between neurological and myxedematous cretin?

87

Endemic cretinism can manifest as either neurological or myxedematous
cretinism. The differences between the two are summarized in the table given

below.
Parameters Neurological cretin Myxedematous cretin
Mental retardation Severe Less severe
Deaf-mutism Present May be present
Squint Present Absent
Cerebral diplegia Often present Absent
Linear growth Usually normal Severe retardation
Myxedematous features Absent Present
Goiter Present Absent
Thyroid function tests Normal Hypothyroid
X-ray knee Normal Epiphyseal dysgenesis
Therapy Rehabilitation L-Thyroxine

28. Why do some individuals with severe iodine deficiency develop myxedematous

cretinism, while others develop neurological cretinism?

Severe maternal and fetal iodine deficiency results in endemic cretinism and
may manifest as neurological or myxedematous cretin. The exact cause for
variation in the presentation of endemic cretinism is not known; however, it is
thought that clinical manifestation of endemic cretinism is the result of two
pathophysiologic events. Severe thyroid hormone deficiency (as a consequence
of severe maternal and fetal iodine deficiency) during early intrauterine period
results in impaired brain development and, consequently, irreversible neuronal
damage. This occurs in both variants of endemic cretinism. Subsequent mani-
festation as either neurological or myxedematous cretinism depends on the
response of thyroid gland to severe iodine deficiency, i.e., either goiter or atro-
phy. Those who develop goiter (and consequently compensated euthyroxin-
emia) manifest as neurological cretins, whereas those with thyroid gland
atrophy (and consequently severe and persistent hypothyroxinemia) manifest
as myxedematous cretins. It is speculated that environmental factors like sele-
nium deficiency and exposure to thiocyanate may modulate thyroid gland
response to iodine deficiency. However, it should be noted that some individu-
als have features of both neurologic and myxedematous cretinism (mixed
cretin).
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How does selenium deficiency and exposure to thiocyanate cause thyroid gland
atrophy in endemic iodine-deficient areas?

Iodine deficiency results in hypothyroxinemia and consequent increased TSH
drive leads to increased intrathyroidal hydrogen peroxide (H,O,) production.
Glutathione peroxidase, a selenoprotein, protects thyroid gland from H,O,-
mediated injury to thyroid follicular cells. In the presence of selenium defi-
ciency, there is accumulation of intrathyroidal H,O, which results in follicular
cell damage and fibrosis. Thiocyanate not only competes with iodine for
sodium—iodide symporter in the thyroid gland but has also been shown to
induce follicular cell necrosis.

What is the treatment for endemic cretinism?

Endemic cretinism is a preventable disorder and optimal iodine supplementa-
tion prior to conception prevents the development of cretinism. Therefore,
effective strategies for iodine supplementation should be implemented in
iodine-deficient areas. In myxedematous cretins, iodine therapy has been shown
to improve myxedematous features when initiated prior to the age of 3—4 years;
however L-thyroxine should be preferred in children with myxedematous cre-
tin. Neurocognitive deficits do not improve either with iodine or L-thyroxine
therapy in myxedematous cretins. Rehabilitation is the mainstay of therapy in
neurological cretins.

How to supplement iodine for daily requirement?

Iodine is present in alluvium soil and seawater. Therefore, vegetations grown in
iodine-rich soil and food of marine origin are rich source of iodine. Because of
recurrent floods and consequent soil erosion, iodine is leached away from the
soil, and iodine deficiency is prevalent in many parts of the world. To prevent
iodine deficiency disorders in the community, iodine needs to be supplemented
through a vehicle which is widely consumed. This vehicle may be water, milk,
salt, wheat flour, or bread. Common salt is universally and consistently con-
sumed; hence it is the preferred medium to deliver recommended daily allow-
ance for iodine. Potassium iodate (KIO;), the most stable iodine compound, is
preferred to iodize common salt.

What are the precautions required for the optimal delivery of iodine from
iodized salt?

The following precautions should be observed while using iodized salt. Salt
should be purchased within 3 months from the date of manufacture and at the
time of purchase it should be crystal clear and white. It must be stored in a dry,
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airtight container along with plastic-pack and kept away from the furnace. Once
the pack is opened, it has to be consumed within 4 weeks. Salt should prefera-
bly be added on table rather than during cooking, as iodine quickly sublimates
on exposure to heat.

33. What is the recommended daily allowance for iodine?

Recommended daily allowance (RDA) for iodine as suggested by WHO is
summarized in the table given below.

Age RDA of iodine (pg/day)
0-5 years 90

6-12 years 120

>12 years 150

Pregnancy and lactation | 250

34. What are the causes of hypothyroidism in children?

Iodine deficiency is the most common cause of primary hypothyroidism in chil-
dren worldwide. However, in iodine-sufficient regions, the commonest cause is
Hashimoto’s thyroiditis. Other causes of hypothyroidism in children include
neck irradiation, delayed-onset dyshormonogenesis, ectopic thyroid gland,
consumptive hypothyroidism, and secondary hypothyroidism (pituitary tran-
scription factor defects and sellar—suprasellar mass). The figure illustrated
below shows primary hypothyroidism in a child with ectopic thyroid gland
(Figs. 3.10 and 3.11).

Fig.3.10 Lingual thyroid
in a child with juvenile
hypothyroidism
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ANT

Fig.3.11 (a) A 4-year-old child with midline swelling in upper part of the neck. (b) Upward
movement of swelling with protrusion of the tongue. (¢) MRI T2 sagittal image shows presence of
lingual thyroid at posterior one-third of the tongue and ectopic thyroid tissue anterior to the glottis
with absence of thyroid tissue at the eutopic site suggestive of “double ectopic” thyroid gland (red
arrows). (d) *™Tc thyroid scan confirms the “double ectopic” thyroid gland
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35. What are the monosymptomatic presentations of juvenile hypothyroidism?

The monosymptomatic presentations of juvenile hypothyroidism include short
stature, delayed puberty, poor scholastic performance, precocious puberty (Van
Wyk-Grumbach syndrome), myopathy (Kocher—Debre—Semelaigne syn-
drome), limping gait (stippled epiphysis and slipped femoral epiphysis), head-
ache and visual field defects (thyro-lactotrope hyperplasia), diffuse goiter and,
rarely, acute abdomen (huge multicystic ovaries and acute cholecystitis), and
pericardial effusion (Figs. 3.12, 3.13, and 3.14).

b

Fig. 3.12 (a) Short stature in a 14-year-old boy with juvenile primary hypothyroidism. (b)
Myxedematous features in the same child
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Fig.3.13 (a) A 16-year-old girl with overt features of hypothyroidism (b). Axial CECT pelvis
shows presence of enlarged bilateral multicystic ovaries (red arrows) in the same patient

Fig.3.14 A 14-year-old boy with juvenile primary hypothyroidism presented with (a) short stat-
ure, delayed puberty, and (b) pericardial effusion
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Why is short stature a common manifestation of juvenile hypothyroidism?

Short stature with retarded bone age is a common manifestation of juvenile
hypothyroidism. This is because thyroid hormone is required for GH secretion
and GH-mediated IGF1 generation. In addition, thyroid hormone has a direct
effect on growth plate and promotes differentiation of chondrocytes to hyper-
trophic chondrocytes and enhances angiogenesis.

What are the unique features of precocious puberty associated with primary
hypothyroidism?

The characteristic features of precocious puberty associated with primary
hypothyroidism are decreased growth velocity and retarded bone age, whereas
other causes of precocious puberty are associated with increased growth veloc-
ity and advanced bone age. Girls with precocity due to primary hypothyroid-
ism usually present with vaginal bleed and/or thelarche, whereas boys present
with isolated testicular enlargement. Pubic/axillary hair is characteristically
absent in both sexes despite precocity. This is because precocious puberty
associated with hypothyroidism is predominantly mediated through FSH, and
lack of LH drive results in decreased androgen production. In addition, thyroid
hormone plays an important role in the growth and development of piloseba-
ceous unit.

Why do patients with juvenile hypothyroidism develop precocious puberty?

Precocious puberty associated with primary hypothyroidism is gonadotropin-
independent. Basal FSH is elevated; however, basal LH is low, and LH response
to GnRH is prepubertal. Precocious puberty in patients with primary hypothy-
roidism is due to the action of TRH and TSH on GnRH and FSH receptors,
respectively (“specificity-spillover”). The loss of feedback inhibition of T, on
hypothalamus results in elevated levels of TRH, which acts on GnRH receptors
and preferentially stimulates FSH secretion. LH secretion is suppressed as a
result of hyperprolactinemia, which is a consequence of elevated TRH, whereas
FSH secretion is driven by elevated TRH, even in presence of hyperprolac-
tinemia. In addition, the clearance of FSH is also reduced as a consequence of
hypothyroidism. As both TSH and FSH are glycoprotein hormones, elevated
levels of TSH in patients with primary hypothyroidism act on FSH receptors in
ovary and testes, to induce ovarian follicular growth and testicular enlargement,
respectively.

What are the causes of stippled epiphysis?

Stippled epiphysis is a feature of congenital/juvenile hypothyroidism, thyroid
hormone resistance, and multiple epiphyseal dysplasias. Thyroid hormone is
essential for the development of growth plate; therefore, thyroid hormone defi-
ciency/resistance results in fragmentation of ossification centers leading to
stippled epiphysis (Fig. 3.15).
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Fig.3.15 Plain
radiograph of pelvis
depicting stippled femoral
epiphysis (red arrows) in a
patient with juvenile
primary hypothyroidism

40. What are the endocrine causes of slipped capital femoral epiphysis?

Primary hypothyroidism, growth hormone deficiency, rhGH therapy, Cushing’s
syndrome, obesity, and primary hyperparathyroidism are the important endo-
crine causes of slipped capital femoral epiphysis. It is commonly bilateral and
occurs due to disproportionate growth of epiphyseal growth plate as compared
to head of the femur.

41. What are the disorders associated with increased prevalence of hypothyroidism?

Disorders associated with increased prevalence of hypothyroidism include
Turner syndrome, Down syndrome, celiac disease, type 1 diabetes, William
syndrome, and Klinefelter’s syndrome.

42. A 4-year-old girl presented with goiter. On evaluation, thyroid function test
showed T4 3.5 ug/dl and TSH 29 ulU/ml. How to evaluate further?

The index child has primary hypothyroidism. The common causes of primary
hypothyroidism in children include Hashimoto’s disease and delayed-onset
dyshormonogenesis. Therefore, further evaluation includes estimation of anti-
thyroid peroxidase antibody and perchlorate discharge test. In addition, X-rays
for bone age estimation should also be performed. In children without goiter,
#mTc pertechnetate scan should be performed to assess the presence/absence of
ectopic thyroid tissue.
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43. What is perchlorate discharge test?

In newborns/children with primary hypothyroidism who have goiter and/or
normal or increased uptake on *™Tc pertechnetate/ '*I scan, a diagnosis of
dyshormonogenesis (other than NIS defect) should be considered. This can be
confirmed by perchlorate discharge test. Perchlorate is an anion which competes
with iodine for uptake by NIS. A baseline '*I uptake study is performed after
2h of radioiodine ingestion. Thereafter, 200-1000 mg potassium perchlorate is
administered orally and repeat '] uptake study is performed after 30min to 1h.
Decrease in radioactivity by >10% as compared to baseline uptake suggests
dyshormonogenesis. This is because radioiodine is taken up by the gland in
patients with dyshormonogenesis, but is not incorporated in tyrosine residues
of thyroglobulin and hence discharged from the thyroid gland due to compete-
tive inhibition by perchlorate at NIS.

44. A 10-year-old boy presented with headache and visual impairment.
Neuroimaging revealed a sellar—suprasellar mass and the child was referred to
a neurosurgeon. Preoperative evaluation revealed T, 2.4 ug/dl and TSH
150 ulU/ml; prolactin 104 ng/ml; cortisol 400 nmol/L with prepubertal LH,
FSH, and testosterone; and low IGF 1. Is surgery warranted?

In all patients with sellar—suprasellar mass, anterior pituitary function tests
including T,, TSH, 0800h cortisol, prolactin, LH/FSH, testosterone/estra-
diol, and IGF1 should be done. In the index child, hormonal profile was sug-
gestive of primary hypothyroidism with hyperprolactinemia. Low IGF1 in
the index patient may be due to low T, or mass effect. In a patient with pri-
mary hypothyroidism, presence of a sellar—suprasellar mass should raise a
suspicion of thyro-lactotrope hyperplasia. In this scenario, optimal replace-
ment with L-thyroxine not only reverses features of hypothyroidism but also
results in visual improvement in 1-4 months followed by regression of thyro-
lactotrope hyperplasia. Hence, surgery should be avoided in these patients
(Fig. 3.16).
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Fig.3.16 (a) A 10-year-old boy with overt features of hypothyroidism. (b) Coronal and (c) sagit-
tal TIW images showing presence of diffuse homogenous enlargement of the pituitary gland (red
arrow) suggestive of pituitary hyperplasia (thyro-lactotrope) in the same patient

45. What are the height prospects in children with juvenile hypothyroidism?

Early diagnosis and optimal replacement therapy result in attainment of nor-
mal final adult height in children with juvenile hypothyroidism. Children
with long-standing hypothyroidism will experience catch-up growth after
initiation of L-thyroxine; however, catch-up growth is often incomplete in
these patients due to diminished chondrocyte reserve. Children in the peripu-
bertal age and those who are overzealously treated with L-thyroxine may
experience rapid skeletal maturation and, hence, compromised final adult
height. There are a few case studies where GnRH analogue has been used
with or without rhGH in children with juvenile hypothyroidism during peri-
pubertal period who had suboptimal catch-up growth. However, the results
were variable (Fig. 3.17).
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What are the causes of lack of “catch-up growth” in a child with juvenile hypo-
thyroidism who is on optimal L-thyroxine replacement?

Failure to have a catch-up growth despite optimal L-thyroxine replacement
in children with juvenile hypothyroidism should raise a suspicion of coex-
isting disorders like celiac disease, Turner syndrome, or growth hormone
deficiency.

How to treat and monitor juvenile hypothyroidism?

The recommended dose of L-thyroxine is higher in children as compared to
adults due to larger body surface area (in relation to body weight) and increased
clearance of thyroid hormones in children. The recommended daily dose of
L-thyroxine in children aged 1-5 years is 5 pg/Kg, while it is 4 pg/Kg in those
between 6 and 12 years of age, and 3 pg/Kg in those aged >12 years, who have
not completed the puberty. However, in postpubertal children L-thyroxine should
be administered at dose of 1.6-1.8 pg/Kg/day. Both T, and TSH should be moni-
tored till 34 years of age; TSH should be maintained in the lower half of normal
reference range (0.5-2.5 pIU/ml) and T, in the upper half of normal reference
range. Thereafter, TSH alone can be monitored every 3—6 monthly and main-
tained between 0.5 and 2.5 pIU/ml. Adverse effects are rare with L-thyroxine
therapy and include pseudotumor cerebri, craniosynostosis, acute psychosis, and
decline in scholastic performance. Bone age should be reassessed, if required.

What is the outcome of complications related to long-standing juvenile
hypothyroidism?

Long-standing severe juvenile hypothyroidism is associated with short stature,
delayed puberty, thyro-lactotrope hyperplasia, multicystic ovaries, precocious
puberty, pseudo-myohypertrophy, epiphyseal dysgenesis, and slipped capital
femoral epiphysis. Most of these manifestations usually reverse within 3—6 months
of optimal L-thyroxine replacement. Although height improves after L-thyroxine
therapy, final adult height is often subnormal in those with long-standing juvenile
hypothyroidism. Stippled epiphysis normalizes with L-thyroxine therapy but
slipped capital femoral epiphysis need surgical intervention.

Why are clinical manifestations less severe in children with secondary
hypothyroidism as compared to those with primary hypothyroidism?

Secondary hypothyroidism is characterized by low FT, and low/normal to
mildly elevated TSH. Clinical manifestations are less severe in children with
secondary hypothyroidism as compared to those with primary hypothyroidism.
This is because T, deficiency is usually mild in secondary hypothyroidism due
to ongoing TSH-independent T, synthesis, which contributes to 10-15% of
circulating T,. In addition, presence of concurrent multiple pituitary hormone
deficiencies may mask the features of hypothyroidism. However, in primary
hypothyroidism T, deficiency is usually severe, and markedly elevated TSH
contributes to myxedematous manifestations.
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50. What are the causes of secondary hypothyroidism in children?

Secondary hypothyroidism may be due to genetic or acquired causes. Genetic
causes include pituitary transcription factor defects (PIT1, PROP1, HESXI1,
LHX3, LHX4,) or TSH-B/TRH receptor gene mutations. Sellar—suprasellar
tumors (e.g., craniopharyngioma), infiltrative disorders of hypothalamo—pitu-
itary region, and CNS insults like head injury, meningitis, and cranial irradia-
tion are acquired causes of secondary hypothyroidism (Fig. 3.18).

Fig.3.18 (a) A 6-year-old child with multiple pituitary hormone deficiency. Note frontal bossing,
midfacial hypoplasia, and cherubic face suggestive of GH deficiency. (b) Sagittal MRI T1-weighted
image showing small sella, absent pituitary (red arrow) and stalk, and ectopic posterior pituitary
bright spot (arrow head, MRI tetrad) suggestive of panhypopituitarism due to pituitary transcrip-
tion factor defect

51. How to approach a child with secondary hypothyroidism?

In children with secondary hypothyroidism, assessment of other pituitary
hormones including 0800h cortisol, prolactin, and gonadotropins (if the child is
in peripubertal age) should be performed. GH-IGF1 axis should be assessed
after normalization of serum T,. In addition, imaging of sella is mandatory,
which may reveal sellar—suprasellar mass lesions, structural defects of pituitary
gland (small sella, hypoplastic/absent anterior pituitary, redundant/absent stalk,
and ectopic posterior pituitary bright spot) or can be normal.

52. How to treat a child with secondary hypothyroidism?

Oral L-thyroxine is the therapy of choice in secondary hypothyroidism. In
children with secondary hypothyroidism and coexisting glucocorticoid defi-
ciency, glucocorticoid replacement should be initiated prior to L-thyroxine
therapy, to prevent the risk of adrenal crisis. L-Thyroxine requirement is usu-
ally lower in secondary hypothyroidism, as TSH-independent thyroid hor-
mone biosynthesis continues in these patients. However, requirement of
L-thyroxine increases with concomitant growth hormone therapy (as GH ther-
apy increases T4 to T; conversion and reduces TSH as a result of increased
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somatostatin tone) or estrogen replacement (due to estrogen-mediated increase
in TBG). After optimal replacement with glucocorticoids and/or L-thyroxine,
there may be unmasking of central diabetes insipidus, as both these hormones
counteract the action of antidiuretic hormone. Serum FT, should be monitored
in children with secondary hypothyroidism on L-thyroxine therapy and tar-
geted in the upper half of normal reference range. Serum FT, is preferred over
total T, as concurrent hormone deficiencies influence the circulating TBG lev-
els. The underlying cause of secondary hypothyroidism should be appropri-
ately treated.

A 7-year-old boy was evaluated for poor scholastic performance and thyroid
Sfunction test showed T4 4ug/dl and TSH 2.3 ulU/ml. Patient was clinically
euthyroid and serum-free T4 was done which was normal. What is the likely
diagnosis?

Low T, but normal FT, and TSH suggest the diagnosis of thyroxine-binding
globulin (TBG) deficiency. TBG is a glycoprotein which binds approximately
70 % of circulating T, and 80 % of circulating T;. TBG deficiency is inherited
as X-linked recessive disorder, with a prevalence of 1 in 5000 newborns. The
acquired causes of TBG deficiency include nephrotic syndrome, hepatic fail-
ure, and drugs like glucocorticoids and androgens. However, these patients do
not require L-thyroxine therapy as FT, is normal.

What are the causes of hyperthyroidism during infancy and childhood?

During infancy, the causes of hyperthyroidism include transplacental transfer
of TSH receptor-stimulating antibody (in neonates born to mother with Graves’
disease), McCune—Albright syndrome and TSH receptor-activating mutations.
In children, the most common cause of hyperthyroidism is Graves’s disease
and, rarely, toxic adenoma and toxic multinodular goiter may also result in
hyperthyroidism.

What are the alterations in thyroid function test in a neonate born to a mother
with Graves’ disease?

Neonates born to a mother with Graves’ disease may be euthyroid, thyrotoxic,
or hypothyroid. Approximately 1-5 % of neonates born to mothers with Graves’
disease have transient neonatal hyperthyroidism due to transplacental transfer
of TSH receptor-stimulating antibody, which may manifest at birth or after few
days (if mother is on antithyroid drugs). Neonatal transient primary hypothy-
roidism can occur as a result of transplacental passage of maternal antithyroid
drugs or TSH receptor-blocking antibody. Rarely, central hypothyroidism can
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also occur due to increased maternal transfer of T, before 32 weeks of preg-
nancy, which results in inhibition of fetal hypothalamo—pituitary—thyroid
(HPT) axis; this suppression of HPT axis may persist up to 6 months.

What is the natural history of TRAb-mediated hyperthyroidism in a neonate
born to mother with Graves’ disease?

TRAb-mediated hyperthyroidism commonly resolves spontaneously within
3-12 weeks. Persistence of thyrotoxicosis beyond 6 months should raise a pos-
sibility of McCune—Albright syndrome or TSH receptor-activating mutations.

What are the manifestations of neonatal hyperthyroidism?

Neonatal hyperthyroidism is characterized by irritability, restlessness, poor
feeding, failure to thrive, increased appetite, weight loss, diarrhea, sweating,
tachycardia, and heart failure. Goiter is commonly present. Eye signs like peri-
orbital edema, lid retraction, and proptosis may be present even if mother does
not have thyroid-associated orbitopathy. Hepatosplenomegaly, lymphadenopa-
thy, and thymic enlargement may also be present in newborns with hyperthy-
roidism. Skeletal manifestations of neonatal hyperthyroidism include
microcephaly, advanced bone age, and craniosynostosis.

How to evaluate a neonate born to mother with Graves’ disease?

Cord blood sample should be obtained for FT, and TSH in neonates born to
mother with Graves’ disease. If thyroid function is normal, repeat testing should
be performed after 1-2 weeks, as transplacental passage of antithyroid drugs
may delay the onset of thyrotoxicosis in these newborns. Estimation of TRAb
is helpful in confirming the etiology of neonatal hyperthyroidism.

How to treat neonatal hyperthyroidism?

Neonatal hyperthyroidism should be managed as thyroid storm, because it is
associated with high mortality (30%) in untreated neonates. Treatment
includes antithyroid drugs (methimazole 0.25-1 mg/Kg/day in two to three
divided doses), propranolol 2 mg/Kg/day, and iodides if required.
Propylthiouracil is contraindicated as neonates are at a higher risk of hepato-
toxicity. Glucocorticoids should be instituted to tide over the crisis.
Antithyroid drugs are required only for short duration, as TRAbs-mediated
neonatal thyrotoxicosis remits by itself within 2—-3 months. However, infants
with McCune—Albright syndrome and TSH receptor-activating mutations
require definitive therapy later, after euthyroidism is attained with antithyroid
drugs.
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60. What are the differences in clinical manifestation of hyperthyroidism in chil-
dren as compared to adults?

Most of the manifestations of childhood hyperthyroidism are similar to those
seen in adults. However, there are some important differences between the two,
which are summarized in the table given below.

Parameters Hyperthyroidism in children | Hyperthyroidism in adults
Etiology Graves’ disease Graves’ disease

McCune—Albright syndrome, | Toxic multinodular goiter
TSH receptor-activating

mutations
Rarely, resistance to thyroid Toxic adenoma
hormone
Growth acceleration Common -
Weight Weight loss uncommon, ‘Weight loss common
weight gain can occur
Atrial fibrillation Rare Common
Congestive heart failure Rare Common
Nervousness, hyperactivity | Common Less common
Thyroid-associated Rare Common
ophthalmopathy
Infiltrative dermopathy/ Rare Less common
acropachy

61. What are the monosymptomatic presentations of childhood hyperthyroidism?

The monosymptomatic presentations of childhood hyperthyroidism include
accelerated growth velocity, poor scholastic performance and attention deficit
hyperkinetic disorder, and diffuse goiter. In addition, children with thyrotoxico-
sis can rarely present with headache due to benign intracranial hypertension
and polydypsia (Fig. 3.19).



3 Thyroid Disorders in Children 103

Fig.3.19 A 15-year-old
boy with Graves’ disease
who has diffuse goiter and
thyroid-associated
orbitopathy

62. How to evaluate children with hyperthyroidism?

The most common cause of hyperthyroidism in children is Graves’ disease.
Other rare causes include McCune—Albright syndrome and TSH receptor-
activating mutations. A careful examination for clinical features of McCune—
Albright syndrome (cafe-au-lait macules, bony swellings, signs of sexual
precocity, acro-gigantism) should be performed. Family history should be
obtained, as TSH receptor-activating mutation is an autosomal dominant dis-
order. In the absence of these clinical clues, further investigation is not war-
ranted and child should be managed as Graves’ disease (Figs. 3.20 and 3.21).

Fig.3.20 A 14-year-old girl with Graves’ disease who had (a) diffuse goiter and asymmetrical propto-
sis (b) CT orbit showing thickening of extraocular muscles suggestive of thyroid-associated ophthal-
mopathy. Note the width of extraocular muscles (arrow) exceed the width of optic nerve (arrow head)
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Fig. 3.21 Siblings with diffuse goiter and stare suggestive of familial Graves’ disease. They
showed positivity for TSH receptor antibody (TRAb)

63. When to suspect thyroid-associated orbitopathy in children?

Thyroid-associated orbitopathy (TAO) should be considered in a child who
presents with proptosis, which is usually bilateral and asymmetrical, along
with diffuse goiter and thyrotoxicosis. However, the unusual presentation of
TAO includes unilateral proptosis and euthyroid TAO, and rarely 3-5 % of
patients may have TAO associated with Hashimoto’s thyroiditis. Elevated
TSH receptor antibodies (TRADb) titer substantiates the diagnosis of TAO,
which may be particularly useful in euthyroid TAO. Extraocular muscle belly
thickening with sparing of tendon is characteristic radiological finding in
TAO.

64. How to treat a child with Graves’ disease?

The available treatment modalities for the management of Graves’ disease in
children include antithyroid drugs, radioactive iodine, and thyroid surgery.
Among the antithyroid drugs, methimazole/carbimazole is preferred as there is
a higher risk of hepatotoxicity with the use of propylthiouracil in children.
Methimazole is initiated at a dose of 0.25—-1 mg/Kg/day as a single daily dose.
Addition of propranolol at a dose of 0.5-2 mg/Kg/day in three divided doses
helps in alleviation of adrenergic manifestations. The response to antithyroid
drugs is poor in children as compared to adults, and only 20-30 % of children
achieve remission after 2 years of therapy. Further, predictors of remission of
Graves’ disease are not well defined in children. It is recommended that chil-
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dren with Graves’ disease who fail to achieve remission after 2 years of antithy-
roid drug therapy should be offered definitive treatment, either radioiodine
ablation or surgery. Radioiodine ablation is an effective therapy for children
with Graves’ disease with a cure rate of 95 %. However, it is to be avoided in
children <5 years of age, due to concern for possible risk of thyroid malignancy.
In children with Graves’ disease, high-dose radioiodine therapy should be
employed for complete ablation of thyroid gland, as low-dose radioiodine ther-
apy is associated with an increased risk of neoplasm in irradiated residual thy-
roid tissue. Total/near-total thyroidectomy is indicated in children with large
goiter and in those with age <5 years who fail to achieve remission with anti-
thyroid drugs.

What are the peculiarities of hyperthyroidism associated with McCune—Albright
syndrome?

McCune-Albright syndrome (MAS) is due to post-zygotic activating muta-
tions of Gsa subunit and is characterized by triad of fibrous dysplasia, café-
au-lait macules, and endocrinopathy. Hyperthyroidism is the third most
common endocrine abnormality (19 %) in MAS after precocious puberty
(52 %) and acro-gigantism (27 %). The mean age of presentation of hyperthy-
roidism is 14 years, although it may present as early as in neonatal period.
Children with hyperthyroidism associated with MAS may have diffuse goiter,
multinodular goiter, or solitary nodule. Definitive therapy should be offered
to these children as remission does not occur with the use of antithyroid
drugs.

What are the causes of coarse facial features?

Various endocrine disorders are associated with coarse facial features including
acromegaly, hypothyroidism, multiple endocrine neoplasia type 2B syndrome
(MEN2B), pachydermoperiosteitis, and mucopolysaccharidosis. In addition,
patients with morbid obesity, insulinoma, and prolactinomas may also have
coarse facial features. The coarse facial features in acromegaly are due to soft
tissue overgrowth as a result of GH-IGF1 excess. In patients with hypothyroid-
ism, coarse facial features are accompanied with periorbital puffiness due to
deposition of glycosaminoglycans (GAGs) as a result of high TSH as well as
low T,. Patients with mucopolysaccharidosis also manifest with coarse features
due to increased extracellular accumulation of GAGs as a result of their
impaired degradation by lysosomal enzymes. Patients with prolactinoma can
also have coarse facial features due to “specificity-spillover” of prolactin at GH
receptor as a result of structural similarity. Patients with MEN2B have blubbery
lips as a result of mucosal neuromas which may contribute to coarse facial fea-
ture. Altered fibroblast activity and increased sensitivity to gonadal steroids and
epidermal growth factor contribute to coarse facial features in patients with
pachydermoperiostosis (Fig. 3.22).
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Fig. 3.22 Coarse facial features: varying etiology. Patients with (a) primary hypothyroidism,
(b) acromegaly, (c¢) prolactinoma, (d) pachydermoperiostosis, (e) MEN2B, (f) and
mucopolysaccharidosis
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Fig.3.22 (continued)
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4.1 Case Vignette

A 16-year-old girl presented with weight gain, secondary amenorrhea, and
increased facial hair for the past 2 years; however, her appetite was normal and
there was no change in her lifestyle. She also complained of weakness and
appearance of striae over the abdomen for the last 1 year. She had a history of
poor gain in height during the last 4 years. Patient also had difficulty in climbing
the stairs. However, there was no history of easy bruisibility, back pain, or patho-
logical fracture. She had menarche at the age of 12 years and later oligomenor-
rhea, followed by secondary amenorrhea for the last 2 years. There was no history
of any drug intake, or use of alternative medications, or steroid preparations,
either inhalational or ointments. On examination, her height was 157 cm (<25%
percentile, height age 13 years, target height 161 cm), weight 67 Kg (>75" per-
centile, weight age >20 years), BMI 24.1 Kg/m? and blood pressure
112/74 mmHg. She had florid features of Cushing’s syndrome including moon
facies, facial plethora, acne, dorso-cervical fat pad, and wide violaceous striae
over lower abdomen and thighs. She also had cuticular atrophy, knuckle hyper-
pigmentation, and proximal muscle weakness. She had generalized obesity with
waist circumference of 90 cm. However, she did not have bruise and pulp atro-
phy. Patient had hirsutism with Ferriman—Gallwey score of 15/36 and did not
have features of virilization. There was no cafe-au-lait macule, lentigines, bony
deformity, spine tenderness, or cutaneous fungal infection. Biochemical evalua-
tion revealed serum potassium 4.2 mEq/L, liver, and renal function tests were
normal. Fasting blood glucose was 92 mg/dl and 2h plasma glucose after glucose
load was 112 mg/dl with HbAlc of 5.0 %. Lipid profile showed serum choles-
terol 159 mg/dl, LDL-C 99.6 mg/dl, triglyceride 198 mg/dl, and HDL-C 32.2 mg/
dl. Cortisol dynamics showed 0800h cortisol 567 nmol/L; awake 2300h cortisol
520 nmol/L; 0800h ACTH 16.8 pg/ml; awake 2300h ACTH 63.7 pg/ml; late-
night salivary cortisol 12.5 nmol/L. and 28.7 nmol/L on two consecutive days,
respectively; and 24h urinary free cortisol on three consecutive days was 448 pg,
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469 pg, and 532.8 pg, respectively. Serum cortisol after overnight dexametha-
sone suppression test (ONDST) was 464 nmol/L, low-dose dexamethasone sup-
pression test (LDDST) 408 nmol/L, and after high-dose dexamethasone
suppression test (HDDST) was 157 nmol/L. Serum prolactin was 8.63 ng/ml (N
4.7-23.3), T, 7.02 pg/dl (N 4.8-12.7), TSH 0.894 pIU/ml (N 0.27-4.2), testos-
terone 0.32 nmol/L (N 0.2-2.9), LH 0.24 mIU/ml (N 2.4-12.6), and FSH
0.32 mIU/ml (N 3.5-12.5). Ultrasound pelvis showed normal ovaries and uterus.
Dynamic contrast-enhanced MRI sella revealed differentially enhancing
4.8 x4.0 mm lesion which was hypointense on T1W and hyperintense on T2W
images in the left half of the pituitary gland. She underwent bilateral inferior
petrosal sinus sampling (IPSS) with 100 pg (IV bolus) human CRH. IPSS local-
ized the source of ACTH excess to the pituitary and lateralized to right side of the
pituitary gland. Serum ACTH and cortisol profile during IPSS are summarized in
the table given below. She underwent transsphenoidal surgery; intraoperatively
tumor was localized to the left side of the pituitary, and excision of the tumor was
accomplished. Patient developed left lateral rectus palsy postoperatively, which
recovered within 2 weeks. She was documented to have hypocortisolemia
(83.5 nmol/L) on day 1 postoperatively and was started on hydrocortisone sup-
plementation. Histopathology of the tumor tissue showed pituitary adenoma,
while immunostaining for ACTH was negative. At 6 weeks, she had weight loss
of 5 Kg, resolution of plethora, disappearance of acne, and violaceous striae
started fading. An 0800h serum cortisol after the omission of hydrocortisone
for 24h was 4.6 nmol/L, and serum T, was 10.5 pg/dl. She is continued with
hydrocortisone supplementation and advised to follow up every three monthly
(Fig. 4.1).
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Fig.4.1 (a) A 16-year-old girl with moon facies, acne, lanugo hair, and facial plethora (b) Typical wide
violaceous striae. (¢) CEMRI sella showing hypointense lesion measuring 4.8 x4 mm (red arrow). (d)
Regression of Cushingoid features after 3 months of transsphenoidal surgery in the same patient

Results of inferior petrosal sinus sampling after human CRH (100 pg) stimulation

Right central | Left central | Peripheral RC/P RC/LC RC/LC-PRL-
Time |(RC)ACTH |(LC)ACTH | (P) ACTH ACTH | ACTH adjusted

(min) | (pg/ml) (pg/ml) (pg/ml) ratio ratio ACTH ratio
0 75.65 17.29 19.81 3.81 4.37 1.38
2 1516.2 25.55 27.92 54.30 59.34 4.27
3 770.2 4141 30.55 25.21 18.59 0.94
5 614.0 41.90 51.69 11.87 14.65 0.92

15 701.4 33.54 36.33 19.30 20.91 1.54
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4.2  Stepwise Analysis

This 16-year-old girl presented with weight gain, menstrual abnormalities, and hir-
sutism. On evaluation, though she was overweight for age, her height age was less
than the chronological age which suggests underlying endocrine disorder for her
growth failure, as opposed to children with exogenous obesity, who usually grow
taller due to hyperinsulinemia-mediated increased IGF1 generation. However, the
attained height in the index patient was within 1.5 SD of her target height, which
indicates relatively recent onset of the disease. She had wide violaceous striae,
proximal myopathy, and cuticular atrophy, which are the specific features of
Cushing’s syndrome and represent the manifestations of protein catabolism. Though
the children of younger age with Cushing’s syndrome usually present with growth
failure and delayed puberty and do not have features of protein catabolism, the
index patient had manifestations of protein catabolism. The presence of features of
protein catabolism in the index patient distinguishes it from polycystic ovarian syn-
drome which usually presents in the peripubertal age with weight gain and men-
strual irregularities. Though the patient denied history of use of steroid preparations
or alternative medications, 0800h serum cortisol was estimated to exclude the exog-
enous Cushing’s syndrome as inadvertent use of steroids is not uncommon in chil-
dren and adolescents. In addition, 0800h serum cortisol is also useful to establish
the loss of diurnal rhythm and for the interpretation of HDDST. The presence of
hypercortisolemia in the index patient was confirmed by elevated urinary free corti-
sol, midnight salivary cortisol, and non-suppressible ONDST. However, at least two
tests are required to establish the presence of hypercortisolemia in a patient with
suspected Cushing’s syndrome to increase sensitivity of the screening tests.
Additional screening test like midnight serum cortisol may be useful in a situation
where the results of the screening tests are discordant or negative, and the clinical
suspicion of Cushing’s syndrome is strong. A 2300h serum cortisol >207 nmol/L in
awake state has a sensitivity and specificity of 94 % and 100 %, respectively, or in
sleeping state >50 nmol/LL has a sensitivity and specificity of 100% and 20 %,
respectively. Further, 2300h serum cortisol <207 nmol/L in awaken state or
<50 nmol/L in sleeping state virtually excludes the diagnosis of Cushing’s syn-
drome with a negative predictive value of 96 % and 100 %, respectively. The LDDST
should be preferred over other screening tests in those who have subtle features of
Cushing’s syndrome (pseudo-Cushing’s syndrome). Nevertheless, it should be
remembered that the doses of dexamethasone used for performing the dynamic tests
are different in children and adolescents as compared to adults (ONDST, LDDST,
and HDDST - 15 pg/Kg, 30 pg/Kg/day for 2 days, and 120 pg/Kg/day for 2 days,
respectively, in children weighing <40 Kg). After confirmation of hypercortisolemia,
measurement of plasma ACTH is recommended to establish the etiological diagno-
sis of Cushing’s syndrome. A 2300h plasma ACTH >22 pg/ml has highest discrimi-
natory value to establish the diagnosis of ACTH-dependent Cushing’s syndrome.
An 0800h plasma ACTH <5 pg/ml supports the diagnosis of ACTH-independent
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Cushing’s syndrome. An 0800h plasma ACTH >90 pg/ml is suggestive of ectopic
source of ACTH secretion. After confirmation of ACTH dependency, dynamic con-
trast-enhanced MRI sella should be performed to localize the source of ACTH
excess, as pituitary Cushing’s is the most common (98 %) cause of Cushing’s syn-
drome during peripubertal period. The index patient had 2300h ACTH value of
63.7 pg/ml and dynamic CEMRI sella localized the 4.8 x4.0 mm tumor in the left
half of the pituitary gland. In adults, the pituitary tumor size >6 mm has a specificity
of 98 %, whereas such data is not available for patients with childhood Cushing’s
syndrome. Therefore, additional investigations like HDDST and IV CRH stimula-
tion tests should be performed to substantiate the diagnosis of pituitary ACTH-
dependent Cushing’s syndrome. However, the data for ACTH and cortisol cutoffs in
response to IV CRH are limited in children. Therefore, this patient was subjected to
IPSS and it localized the source of ACTH to the pituitary gland but lateralized, con-
trary to the MRI findings, to the right half of the pituitary gland. Basal central to
peripheral (C/P) ACTH ratio >2 and stimulated ratio >3 localizes the source of
ACTH to the pituitary, whereas a ratio of >1.4 between the right and left inferior
petrosal sinus lateralizes the source of ACTH excess. The index patient had basal
C/P ratio of 3.8 and stimulated peak of 54.3, which localized the source of ACTH
excess to the pituitary. The ratio of right to left inferior petrosal sinus ACTH after
CRH stimulation was 59.3, lateralizing the source of ACTH excess to the right side.
The discordance in lateralization of pituitary tumor between MRI and IPSS can be
explained by intercavernous venous mixing, right-sided dominance in pituitary
venous drainage pattern (in 40 % of healthy adults), or presence of the epicenter of
the tumor on one side with extension of the tumor to the contralateral side. The
pretest probability of finding a tumor during surgical exploration is approximately
92 % as lateralized by MRI, compared to 69 % as lateralized by IPSS. Therefore, a
decision was taken first to explore the left half of the pituitary in the index patient,
and the tumor was found on the same side and was resected. Histopathology of the
tumor tissue was consistent with pituitary adenoma, but immunohistochemistry on
tumor tissue for ACTH was negative, which may be a poor predictor in achieving
long-term remission. Postoperatively, serum cortisol should be estimated at 0800h
from day 1 to day 5 and a serum cortisol value <100 nmol/L merits for immediate
replacement with hydrocortisone, whereas patients with serum cortisol level
>450 nmol/L do not require supplementation with hydrocortisone. However, 0800h
serum cortisol between 100 and 450 nmol/L requires a close watch and, if symp-
tomatic, should be supplemented. Postoperative 0800h serum cortisol <50 nmol/L
predicts long-term remission; however, some studies have shown that 0800h serum
cortisol <140 nmol/L up to 6 weeks also predicts the similar long-term outcome.
The immediate postoperative hypocortisolemia (<50 nmol/L) is a result of peritu-
moral corticotropes suppression due to long-standing hypercortisolemia. The index
patient had day 1, 0800h serum cortisol <100 nmol/L and she was initiated with
hydrocortisone replacement. Postoperatively, she had desquamation which is the
earliest clue of curative surgery and occurs as a result of increased cuticular
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turnover as suppressive effect of hypercortisolemia on stratum corneum is elimi-
nated. She had rapid disappearance of plethora within a week after surgery. At
6 weeks, she had weight loss of 5 Kg, diminution of acne, and fading away of striae
suggestive of likelyhood to achieve remission. The probability of cure in the index
case is more likely as she had microadenoma, no parasellar extension, immediate
postoperative 0800h cortisol <140 nmol/L, and histopathological documentation of
adenoma, though prolonged follow-up is required to recognize recurrence at the
earliest as the disease can resurge at any time and a prolonged remission phase
(>10 years) predicts long-term cure.

4.3 Clinical Rounds

1. What is the most common cause of Cushing’s syndrome in children?

As in adults, the most common cause of Cushing’s syndrome (CS) in children
is the use of exogenous glucocorticoids. A detailed history of glucocorticoid
exposure (including topical and inhalational use) should be elicited in all chil-
dren presenting with Cushing’s syndrome. Eczema, bronchial asthma, and
nephrotic syndrome are common disorders during childhood for which gluco-
corticoids are often prescribed.

2. What are the causes of endogenous Cushing’s syndrome in children?

Both Cushing’s disease and adrenal disorders contribute almost equally to the
etiology of endogenous Cushing’s syndrome in children. However, adrenal
disorders are the most common cause of endogenous Cushing’s syndrome in
children <5 years of age, whereas Cushing’s disease is the commonest cause
after 5 years of age. Ectopic Cushing’s syndrome is rare in children (Figs. 4.2
and 4.3). The common causes of childhood Cushing’s syndrome at various ages
are listed in the table given below.



4 Childhood Cushing'’s Syndrome 115

PR

Fig.4.2 (a) Moon facies and plethora in a 14-year-old boy with ectopic Cushing’s syndrome. (b)
Chest X-ray shows left para-hilar soft tissue mass (red arrow). (¢, d) Axial CT chest confirms the
left para-hilar mass suggestive of bronchial carcinoid (red arrows)

Fig. 4.3 (a) A 2-month-old girl with Cushing’s syndrome having round facies, facial plethora,
and ptosis of the left eye. (b) Sagittal CEMR demonstrates a large sellar—suprasellar enhancing
mass (red arrow) causing sellar expansion in the same child. The histopathology of the lesion
revealed ACTH-secreting congenital immature teratoma
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Age Common etiology

Infancy McCune—Albright syndrome
Adrenocortical neoplasm

1-5 years of age Adrenocortical neoplasm

>5 years Cushing’s disease
Primary pigmented nodular adrenocortical disease
(PPNAD)

3. Is there a gender difference in the etiology of Cushing’s syndrome in children

as compared to adults?

In children, Cushing’s disease (CD) is more prevalent in boys during prepuber-
tal years. During adolescence, the male to female ratio is equal and in adults,
Cushing’s disease predominates in women. Both adrenocortical adenoma and
carcinoma have a female preponderance in children as well as in adults. Ectopic
Cushing’s syndrome (although rare in children) is more common in girls during
childhood; however, during adulthood it is more frequent in men.

. What are the manifestations of Cushing’s syndrome in children?

The common presenting manifestations of childhood Cushing’s syndrome
include moon facies (100 %), weight gain (90 %), growth failure (84 %), and
delayed puberty (60 %). In addition, fatigue, hypertension, features of protein
catabolism (striae, bruise, proximal myopathy, and plethora), and hyperan-
drogenism (in girls) may also be present. The unusual features of childhood
Cushing’s syndrome include precocious puberty, gait abnormalities (slipped
capital femoral epiphyses, osteonecrosis of head of femur), and abdominal
mass (Figs. 4.4 and 4.5).
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Fig.4.4 (a, b) A 3-year-old child with Cushing’s syndrome. Note the characteristic moon facies
and no features of protein catabolism

Fig.4.5 (a) A 17-year-old girl with Cushing’s syndrome having hirsutism and acne (b) X-ray of
pelvis shows avascular necrosis of head of right femur with loss of contour and areas of radiolu-
cency and early changes in head of left femur (red arrows)
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What are the differences in clinical manifestations of Cushing’s syndrome in
children as compared to adults?

The differences in clinical manifestations of Cushing’s syndrome in children as
compared to adults are summarized in the table given below.

Cushing’s syndrome in children | Cushing’s syndrome in adults

Parameters (%) (%)
Moon facies 100 81
Weight gain 90-92 90-95
Growth failure 84 -
Hypertension 51-63 71-75
Glucose intolerance - 75
Hirsutism 46 81
Striae 36 56
Bruise 28 62
Proximal myopathy 13 56
Plethora 46 94
Osteopenia 74 50

aPData not available

6.

It is to be noted that the features of protein catabolism are less common in chil-
dren as compared to adults, due to relatively higher IGF1 levels in children.

How to differentiate between Cushing’s syndrome and exogenous obesity in
children?

Children with exogenous obesity present with rapid weight gain and sometimes
with violaceous striae, mimicking CS. The presence of growth failure in an
obese child is highly suggestive of Cushing’s syndrome. On the contrary, chil-
dren with exogenous obesity commonly have normal to increased height (or
growth velocity) because of increased IGF1 generation due to hyperinsu-
linemia. Height SDS and BMI SDS are increased in children with exogenous
obesity, whereas in children with CS, BMI SDS is increased and height SDS is
reduced. In addition, striae are usually thin (<1 cm) in children with exogenous
obesity, whereas wide (>1 cm) purplish striae are characteristic of CS. Other
features of protein catabolism, if present, can also help in the diagnosis of
childhood CS.

. Why is there growth failure in children with Cushing’s syndrome?

The impaired growth in children with CS is attributed to cortisol-mediated inhi-
bition of GHRH-GH axis, decreased pre-chondrocyte to chondrocyte differen-
tiation, chondrocyte apoptosis, impaired local IGF1 generation and action, and
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increased bone collagen breakdown. In addition, cortisol-mediated suppression
of hypothalamo—pituitary—gonadal axis and alterations in calcium—vitamin D
homeostasis (decreased calcium absorption and hypercalciuria) also contrib-
utes to poor linear growth.

Why is growth failure more common in children with Cushing’s disease as com-
pared to Cushing’s syndrome due to adrenocortical tumors?

Growth retardation is more common in children with Cushing’s disease as com-
pared to those with adrenocortical tumors. This is because of long lag time prior
to diagnosis of Cushing’s disease in children. Majority of adrenocortical tumors
in children are malignant and have short lag time prior to diagnosis. In addition,
concurrent androgen excess in children with adrenocortical carcinoma may
result in normal/accelerated growth velocity.

. How does hypercortisolemia affect pubertal development?

Puberty is commonly delayed in children with CS due to the inhibitory
effect of cortisol on hypothalamo—pituitary—gonadal axis. However, patients
with concurrent androgen excess due to androgen and cortisol co-secreting
adrenal tumors may present with heterosexual precocity in girls and iso-
sexual precocity in boys (gonadotropin-independent precocious puberty).
Children with Cushing’s disease may also have increased adrenal androgen
secretion and may have premature pubarche; however, gonadarche is
delayed.

What are the characteristics of adrenocortical tumors in children?

Adrenocortical tumors are rare in children and account for only 0.3-0.4 % of all
neoplasms in childhood, except in southern Brazil where the incidence is high.
Majority of adrenocortical tumors in children are functional (90 %) and malig-
nant (88 %). Among the functional tumors, 61 % have features of androgen
excess, 33 % have both androgen and cortisol excess, and 6 % of patients have
isolated cortisol excess. Cortisol-secreting adrenal tumors are common during
infancy and early childhood with a peak incidence at 4.5 years. Androgen-
secreting adrenocortical tumors may present with heterosexual precocity in
girls and isosexual precocity in boys.

What are the disorders associated with adrenocortical tumors in children?

Li—Fraumeni, Beckwith—Wiedemann, isolated hemihypertrophy syndromes,
and, rarely, MEN 1 are associated with adrenocortical tumors in children.
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What are the peculiarities of Cushing’s syndrome associated with McCune—
Albright syndrome?

Cushing’s syndrome is rare in McCune—Albright syndrome (MAS) and occurs
only in 5-7% of patients. CS associated with MAS may even manifest at birth
(due to intrauterine hypercortisolemia), but majority of children present before
5 years of age. CS associated with MAS is due to ACTH-independent diffuse/
nodular adrenal hyperplasia. Cushingoid facies, low birth weight, and failure to
thrive are the common presenting features. Hypercortisolemia associated with
MAS may resolve spontaneously as fetal zone of adrenal cortex (which over
expresses Gs-a) regresses by 1 year of age and is replaced by the definitive adult
zone. Children who have spontaneous resolution of CS may develop adrenal insuf-
ficiency subsequently. The presence of café-au-lait macules, fibrous dysplasia, and
other endocrinopathies helps in the diagnosis of MAS. The definitive therapy of
CS associated with MAS is bilateral adrenalectomy. Medical therapy with keto-
conazole is not preferred as many children with MAS have coexisting liver dis-
ease; however, metyrapone may be used in critically ill infants awaiting surgery.

What is primary pigmented nodular adrenocortical disease?

Primary pigmented nodular adrenocortical disease (PPNAD) is an ACTH-
independent cause of Cushing’s syndrome. Approximately 70 % patients with
PPNAD have overt Cushing’s syndrome and the rest have subclinical
CS. PPNAD commonly presents in second/third decade of life and has a female
preponderance. Multiple pigmented nodules (<5 mm) with internodular atro-
phy is the characteristic histological feature of PPNAD. Pigmentation is due to
accumulation of lipofuscin pigment, whereas internodular atrophy due to sup-
pression of ACTH by hypercortisolemia as a result of autonomously function-
ing nodules. PPNAD is commonly (>90 %) associated with Carney’s complex.
The genes implicated in pathogenesis of PPNAD are PRKARIA, PDE11A,
PDESB, and MYHS and are involved in increased cyclic adenosine monophos-
phate (cAMP) generation, thereby facilitating tumorigenesis.

What are the distinctive features of childhood Cushing’s syndrome associated
with PPNAD?

The distinctive features of childhood Cushing’s syndrome associated with
PPNAD include young age of onset (usually <15 years), subtle features of pro-
tein catabolism, normal growth velocity (due to insidious onset and mild hyper-
cortisolemia), and osteoporosis. Biochemical characteristics include mild
hypercortisolemia and paradoxical increase in serum cortisol/UFC following
high-dose dexamethasone suppression test. Adrenal imaging is normal; occa-
sionally, CT adrenal may demonstrate characteristic “beads on a string appear-
ance.” Bilateral adrenalectomy is curative (Fig. 4.6).
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Fig.4.6 (a) A 3-year-old child with obesity, plethora, and moon facies. (b) Excessive vellus hair
in the same child. (c¢) Axial and (d) coronal CECT abdomen of the same patient showing bilateral
adrenal hyperplasia with “beads on a string” appearance on the right side (red arrows) suggestive
of PPNAD
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What is the atypical presentation of PPNAD?

PPNAD may present as classical, subclinical, or cyclical Cushing’s syndrome.
In addition, some children with PPNAD may present with “atypical Cushing’s
syndrome” which manifests as asthenia, lean habitus, severe muscle wasting,
short stature, and osteoporosis. Biochemically, 24h urine free cortisol is usually
normal. However, loss of normal diurnal cortisol rhythm and paradoxical
increase in cortisol/UFC following HDDST points towards the diagnosis of
PPNAD.

What is the paradoxical cortisol response to high-dose dexamethasone sup-
pression test?

In response to high-dose dexamethasone, >50 % decline in serum cortisol from
baseline (0800h) cortisol is considered as suppressible HDDST, while failure to
suppress serum cortisol by >50% from baseline indicates non-suppressible
HDDST. The paradoxical response to dexamethasone is defined as >50 % rise
in serum cortisol from baseline cortisol after HDDST during Liddle’s protocol.
PPNAD is the most common cause of paradoxical cortisol response to
HDDST. Rarely, paradoxical response to HDDST may also be seen in patients
with adrenocortical carcinoma. This phenomenon is due to overexpression of
glucocorticoid receptors on adrenal nodules with consequent activation of pro-
tein kinase A signaling pathway, which is involved in cortisol synthesis.

What is Carney’s complex?

Carney’s complex is an autosomal dominant disorder and is characterized by car-
dio-cutaneous manifestations and endocrine hyperactivity. The cutaneous manifes-
tations are seen in 80 % and include lentigines, blue nevus, and myxomas. Cardiac
myxomas are present in 30—60 % of patients; usually multiple and can develop in
any cardiac chamber. The most common endocrinopathy associated with Carney’s
complex is Cushing’s syndrome due to PPNAD and is present in 25-60 %, followed
by acromegaly (10%). Other features of Carney’s complex are testicular tumors,
breast fibroadenoma, ovarian cysts, thyroid tumors, and schwannomas. Inactivating
germline mutations of protein kinase A regulatory subunit la-gene (PRKAR 1A)
has been found in 45-65 % of patients with Carney’s complex.

How to monitor a patient with Carney’s complex?

In children with Carney’s complex, echocardiography and testicular ultraso-
nography should be performed annually. Growth rate and pubertal development
must be monitored closely in these children for the early detection of endocri-
nopathies. Adolescents and adults with Carney’s complex should be monitored
annually with echocardiography, testicular and thyroid ultrasonography, serum
IGF1, and late-night salivary/midnight serum cortisol.
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19. How to approach a child with suspected Cushing’s syndrome?

An approach to a child with suspected Cushing’s syndrome is depicted in the
figure given below (Fig. 4.7).

Suspected Childhood Cushing’s Syndrome

Measure 0800-0900h Plasma Cortisol

<100nmol/L 100-350 nmol/L >350 nmol/L

Exogenous Cushing’s 2 «Exogenous Cushing’s with recovering Perform any one test
HPA axis
*Mild Cushing’s syndrome (e.g. PPNAD)
*Cyclical Cushing’s syndrome

Midnight cortisol °

Plasma cortisol >350 nmol/L with exogenous Cushing’s, : If abno_rmal
if on hydrocortisone 2 Confirm by performing one more test

To be repeated twice
2300h cortisol © Results of 2 tests

Discordant

Concordant

Needs further evaluation

Endogenous hypercortisolemia

Fig.4.7 Approach to a child with suspected Cushing’s syndrome

20. What is the role of estimation of 0800-0900h cortisol in the diagnosis of
Cushing’s syndrome?

Estimation of 0800—-0900h cortisol is helpful in the differentiation of exoge-
nous from endogenous Cushing’s syndrome, as it is suppressed in patients with
exogenous Cushing’s syndrome. This is important because rampant use of
alternative medications is not uncommon in clinical practice. Baseline morning
cortisol is also required for the interpretation of HDDST, as well as for the
assessment of circadian rhythm.

21. How to perform dexamethasone suppression tests in children?

The dose of dexamethasone used for various suppression tests in the diagnosis
of childhood Cushing’s syndrome are summarized in the table given below. The
diagnostic cutoffs of serum cortisol after dexamethasone suppression tests are
same as in adults. However, it should be noted that ONDST is less preferred in
children.
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Test Weight >40 Kg Weight <40 Kg
ONDST 1 mg at 2300h 15 pg/Kg at 2300h
LDDST 0.5 mg, 6 hourly x 2 days 30 pg/Kg/day in four divided

doses x 2 days

HDDST 2 mg, 6 hourly x 2 days 120 pg/Kg/day in four divided

doses x 2 days

22. What is the importance of diurnal variation of cortisol secretion in the diagno-

23.

24.

sis of Cushing’s syndrome?

Cortisol secretion peaks at 0400—0800h and troughs at 2300-2400h and this
diurnal rhythm is established by 2-3 years of age. Diurnal variation of cortisol
secretion prevents sustained hypercortisolemia, which may be detrimental to
neuronal function and sleep. Loss of diurnal rhythm of cortisol secretion is
defined as a 1600h serum cortisol level >50 % of 0800h serum cortisol or 2300h
serum cortisol >207 nmol/L. This is the earliest abnormality of hypothalamo—
pituitary—adrenal axis in patients with Cushing’s syndrome. Other causes of
altered diurnal rhythm include pseudo-Cushing syndrome, seizure disorder,
depression, use of anticonvulsants, and shift-workers. However, pregnancy and
glucocorticoid resistance syndrome are associated with preserved diurnal
rhythm of cortisol secretion despite high serum cortisol.

A 13-year-old female with specific features of Cushing’s syndrome has 0800h
cortisol 540 nmol/L (20pg/dl), normal urine free cortisol, and suppressible
LDDST. Is the diagnosis of Cushing’s syndrome excluded?

No. In the index patient with a high clinical suspicion of Cushing’s syndrome,
a normal UFC and a suppressible LDDST does not rule out the diagnosis of
Cushing’s syndrome. A midnight serum cortisol should be performed in this
scenario, as the earliest biochemical abnormality in Cushing’s syndrome is loss
of diurnal rhythm. If sleeping midnight serum cortisol is >50 nmol/L (1.8 pg/
dl), a possibility of mild Cushing’s syndrome should be considered. In such
circumstances, patients should be kept under close surveillance with periodic
revaluation of cortisol dynamics. Further, even if the midnight serum cortisol is
normal, a possibility of cyclical Cushing’s syndrome should be kept and serial
monitoring of UFC should be performed.

What is the role of late-night salivary cortisol for the diagnosis of Cushing’s
syndrome in children?

Late-night salivary cortisol (LNSC) measures free cortisol and is devoid of
interference from alterations in cortisol-binding globulin. It is a simple nonin-
vasive test and sampling for LNSC can be done even at home. Therefore, it is
one of the first-line screening tests for the diagnosis of Cushing’s syndrome in
adults. However, it is not preferred as a screening test in childhood Cushing’s
syndrome as limited data is available regarding the use of LNSC in children.
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25. How to establish the etiological diagnosis of a patient with Cushing’s

syndrome?

The approach to establish the etiological diagnosis of a patient with Cushing’s
syndrome is summarized in the figure given below (Fig. 4.8).

Etiological Diagnosis of Childhood Cushing’s syndrome

Plasma ACTH 2300h

Plasma ACTH
<5pg/ml

ACTH-independent
Cushing’s syndrome

Adrenal CT

¢ Adrenal adenoma

Plasma ACTH Plasma ACTH
5-22pg/ml >22pg/ml

ACTH-dependent

el Cushing’s syndrome

ACTH >20pg/ml

Pituitary MRI

Tumor not visualized Tumor visualized

¢ Adrenal carcinoma
SRR i.v. CRH,HDDST

ACTH gradient

No ACTH gradient Discordant Concordant

Cushing’s disease Ectopic Cushing’s Cushing’s disease

Fig.4.8 Approach to a child for differential diagnosis of Cushing’s syndrome

26. What is the role of MRI in localization of pituitary tumor in children with
Cushing’s disease?

Cushing’s disease is the commonest cause of CS in children above 5 years of
age. Majority of the ACTH-secreting pituitary tumors are microadenomas
and the tumor is commonly <5 mm. Contrast-enhanced MRI sella is the pre-
ferred imaging modality to localize pituitary adenoma in children with
Cushing’s disease. On MR sellar imaging, microadenomas are visualized as
hypointense lesions as compared to normally enhancing pituitary tissue after
contrast administration (differential enhancement). The sensitivity of conven-
tional CEMRI to localize a pituitary microadenoma in children is approxi-
mately 50 %; however, despite localization on MRI, concordance rate with
surgery is only 50 %. Recently, it has been shown that use of spoiled gradient
recalled acquisition MRI (SPGR-MRI) is associated with improved sensitiv-
ity (75 %) and accuracy (88 %) as compared to conventional MRI (Figs. 4.9
and 4.10).
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Fig.4.9 (a) A 15-year-old boy with Cushing’s syndrome. (b) Coronal CEMR showing a hypoin-
tense pituitary lesion on the right side causing focal glandular expansion suggestive of microade-
noma (red arrow)
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Fig.4.10 (a) An 18-year-old girl with Cushing’s syndrome. (b) CECT abdomen showing bilat-
eral adrenal hyperplasia (red arrows). (¢) Coronal and (d) sagittal CEMRI showing pituitary mac-
roadenoma with extension into stalk (red arrows)



128

27.

28.

29.

30.

4 Childhood Cushing’s Syndrome

How to evaluate a child for comorbidities associated with Cushing’s
syndrome?

A detailed clinical examination including height, weight, and blood pressure
should be performed in all children with Cushing’s syndrome. These children
should also be examined for cutaneous/systemic signs of infection. Biochemical
investigations include fasting and postprandial plasma glucose, lipid profile,
serum potassium, and assessment of anterior pituitary hormones. X-ray of dor-
solumbar spine and DXA scan should also be performed.

What are the difficulties in transsphenoidal surgery in children with Cushing’s
syndrome?

Transsphenoidal surgery (TSS) is the preferred treatment modality in children
with Cushing’s disease; however, TSS in children is technically challenging
and requires greater expertise as compared to adults. The small size of adenoma
(commonly <5 mm) and non-pneumatization of sphenoid sinus also make TSS
a difficult surgery in children.

What is the role of radiotherapy in children with Cushing’s disease?

Pituitary radiotherapy is an effective second-line modality for residual/recurrent
disease after transsphenoidal surgery (TSS). The cure rate after external beam
radiotherapy (EBRT) is better in children (92 %) as compared to adults (60—70 %).
In addition, the mean time to response is also faster in children (0.8—1 year) than
in adults (1.5—4 years). Growth hormone deficiency is the most common anterior
pituitary hormone deficiency after pituitary irradiation in children, while other
pituitary hormones are usually preserved. The data regarding the use of stereotac-
tic radiotherapy in children is limited; however, it seems to be equally effective.

How to optimize linear growth in a child with Cushing’s disease after curative
surgery?

Children with Cushing’s disease may not have optimal catch-up growth even
after curative therapy. This is due to suppressive effect of long-standing hyper-
cortisolemia on GH-IGF1 axis and growth plate or as a result of insult to
somatotropes after TSS. Children with suboptimal catch-up growth after cura-
tive TSS should be subjected to GH dynamic tests after 3 months of surgery and
if found to have GH deficiency, they should be supplemented with
rhGH. Addition of GnRH analogues may be considered in children who are in
peripubertal age and have compromised predicted adult height. In addition,
children who had undergone radiotherapy should be treated with ketoconazole/
metyrapone during the interim period. GH dynamics should be performed once
eucortisolemia is attained and treated with rhGH, if found to be GH deficient.
Other hormone deficiencies, if present, should be adequately replaced. If the
child is on glucocorticoid supplementation, overdosage should be avoided.
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31. How to evaluate a child with ACTH-independent Cushing’s syndrome?

Fig.4.11 Axial CT upper
abdomen showing
heterogeneous mass in the
left adrenal region abutting
the pancreatic tail
suggestive of
adrenocortical carcinoma
(red arrow)

Adrenal CT is the first-line investigation in children with ACTH-independent
Cushing’s syndrome. Presence of a heterogeneous unilateral mass >4 cm with
irregular margin, necrosis, hemorrhage or calcification, attenuation value >10
HU, and delayed contrast washout (<50% at 10 min) favors a diagnosis of
adrenocortical carcinoma (ACC, Fig. 4.11). In contrast, adrenal adenomas are
small (<4 cm), homogenous, and have regular margins, with attenuation value
<10 HU and have early contrast washout (>50% at 10 min). Children with
PPNAD usually have normal adrenals on imaging; however, occasionally
“beads on a string appearance” may be seen on adrenal CT.
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5.1 Case Vignette

A 25-year-old female presented with fracture neck of the left femur following
trivial trauma. She had history of diffuse aches and pains and proximal muscle
weakness for the last 6 months. After sustaining fracture, she became bedbound
and was referred to our institute. There was no history of recurrent pain abdo-
men, diarrhea, steatorrhoea, polyuria, graveluria, or periodic paralysis. She had
history of poor exposure to sunlight and deficient intake of dairy products. There
was no past history of fracture, renal stone disease, gallstone disease, or pancre-
atitis. She had no history of use of glucocorticoids in any form, alternative medi-
cations, bisphosphonates, or calcium and vitamin D preparations. However, she
complained of difficulty in swallowing and foreign-body sensations in her eyes.
She had two live children and the last child birth was 3 years earlier, and she
continues to menstruate regularly. Family history was noncontributory. On
examination, she was lean, thin, emaciated, diffusely hyperpigmented, and had
pallor, cheilosis, and glossitis. Her blood pressure was 100/60 mmHg. She had
genu varum, kyphoscoliosis, diffuse bony tenderness, proximal muscle weak-
ness, and severe attrition of her teeth with pigmentation. She had no goiter and
deep tendon reflexes were delayed. Her eyes were suffused and tongue was dry.
Movements at left hip joint were restricted and painful. Systemic examination
was unremarkable. On investigations, hemoglobin was 10.2 g/dl, serum creati-
nine 1.2 mg/dl (eGFR 40 ml/min), Na* 145 mEq/L, K* 3.4 mEq/L, corrected
calcium 9 mg/dl, phosphorus 3.0 mg/dl, alkaline phosphatase 919 TU/L (N < 128),
iPTH 220 pg/ml (N 15-65), and 25(OH)D 30 ng/ml (N 30-70). Twenty-four-
hour urinary calcium was 211 mg, phosphate 500 mg, and protein 1.2 g. Arterial
blood gas analysis revealed pH 7.28, HCO; 9.5 mEq/L, and calculated anion
gap 11 mEq/L, and corresponding urine pH was 6.5. Serum T, was 4.6 pg/dl
(N 4.8-12.7), TSH 78 plU/ml (N 0.27-4.2), and anti-TPO antibody 480 IU/ml
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(N < 34). Antinuclear antibody was present (speckled pattern, 3+) and celiac
serology (IgA tTG) was negative. Ultrasonography of the neck and sestamibi
parathyroid scan was noncontributory. Ultrasound abdomen showed bilateral
small kidneys. X-ray of spine and pelvis showed osteopenia and fracture neck of
the left femur, respectively. X-ray of chest revealed pseudo-fracture at the outer
border of scapula. **"Tc MDP bone scan revealed increased uptake in sternum,
mandible, ribs, and long bones suggestive of metabolic bone disease. Schirmer’s
test was positive and lip biopsy was consistent with Sjogren’s syndrome. With
this profile, Sjogren’s syndrome with distal renal tubular acidosis (RTA) and
primary hypothyroidism due to Hashimoto’s thyroiditis were considered, and the
patient was initiated on sodium bicarbonate, potassium chloride, and calcium
carbonate tablets. In addition, she was also started with L-thyroxine. With this
treatment, her bone pain resolved, proximal myopathy improved, and she was
able to walk with support. Repeat blood gas analysis showed pH 7.4, HCO,
20 mEq/L, and serum K* 4.2 mEq/L. Later, calcitriol was added due to declining
eGFR. She is planned for renal biopsy for the initiation of immunosuppressive
therapy as she had proteinuria and declining eGFR (Fig. 5.1).
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Fig. 5.1 (a) A 25-year-old female with distal renal tubular acidosis due to Sjogren syndrome.
(b) Note genu varum, (c¢) attrition of teeth with loss of enamel. (d) X-ray of pelvis showing fracture
neck of the left femur, right coxa vara, deformed pelvis, and cortical thinning. (e) X-ray of chest
showing bilateral pseudo-fractures at the lateral border of scapula (red arrows)
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5.2  Stepwise Analysis

The index patient presented with fragility fracture at a young age along with prox-
imal muscle weakness. The clinical possibilities with this symptomatology
include primary hyperparathyroidism (PHPT), severe osteomalacia with second-
ary hyperparathyroidism, hypophosphatemic osteomalacia, and renal tubular aci-
dosis. Secondary osteoporosis due to Cushing’s syndrome and hyperthyroidism
can also result in fragility fracture along with proximal muscle weakness. PHPT
is less likely in the index patient as she did not have symptoms related to hyper-
calcemia (painful bones, abdominal groans, renal stones, psychic moans, and
fatigue overtones) and had normal calcium profile, which excludes this diagnosis.
However, the patient had elevated serum iPTH level in the presence of 25(OH)D
sufficiency, which can be explained by concurrent stage 3 chronic kidney disease.
Severe osteomalacia due to vitamin D deficiency usually presents with bone pains
and myopathy. Presence of Looser’s zone, raised alkaline phosphatase, and high
iPTH further supports the diagnosis of vitamin D deficiency. However, osteoma-
lacia to manifest as fracture is very rare and presence of normal calcium and
phosphate levels, with normal 25(OH)D at presentation in the index patient, make
this diagnosis unlikely. Further, hypokalemia is not a feature of vitamin D defi-
ciency-related osteomalacia. Celiac disease is an important consideration in this
scenario, as it may manifest with osteomalacia/osteoporosis as a monosymptom-
atic presentation. Absence of gastrointestinal symptoms and negative celiac serol-
ogy make this diagnosis unlikely. Hypophosphatemic osteomalacia manifests
with bone pains, proximal myopathy, and severe hypophosphatemia, normal or
mildly elevated alkaline phosphatase and iPTH. The index patient had bone pains
and proximal myopathy, but normal serum phosphate and moderately elevated
alkaline phosphatase and iPTH do not support the diagnosis of hypophosphatemic
osteomalacia. Secondary osteoporosis due to Cushing’s syndrome and hyperthy-
roidism, as both these disorders are associated with proximal myopathy and fra-
gility fractures, were ruled out. Proximal myopathy, fragility fracture, hypokalemia,
normal anion gap metabolic acidosis with failure to acidify urine (urine pH >5.5),
hypercalciuria, and radiological evidence of osteomalacia establishes the diagno-
sis of distal RTA. Diagnosis of RTA should be suspected in a patient who presents
with periodic paralysis, proximal myopathy, bony pains and deformities, and
nephrolithiasis/nephrocalcinosis. Biochemically, it can be confirmed by the pres-
ence of normal anion gap metabolic acidosis. Further, the estimation of urine pH
helps in differentiating between proximal and distal RTA, as proximal RTA is
associated with urine pH <5.5, whereas distal RTA >5.5. As the index patient had
urine pH of 6.5 in presence of normal anion gap metabolic acidosis, it suggests the
diagnosis of distal RTA. However, in milder/incomplete forms of distal RTA,
blood pH may be in a normal range due to compensation; therefore, ammonium
chloride loading test is recommended to establish the diagnosis of distal RTA in
such scenario. Hypokalemia, hypercalciuria, and hypocitraturia are the additional
evidences of the distal renal tubular dysfunction, whereas, aminoaciduria,
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glucosuria, and phosphaturia support the diagnosis of proximal RTA. Further,
proximal RTA can be confirmed by bicarbonate loading test. Nephrocalcinosis/
nephrolithiasis is usually a feature of distal RTA due to hypercalciuria and hypoci-
traturia. High urinary calcium in the presence of low urinary citrate allows the
calcium to precipitate in the renal interstitium, thereby resulting in nephrocalcino-
sis. The index patient had concurrent stage 3 CKD (eGFR 40 ml/min and bilateral
shrunken kidneys) which itself may be contributing to the metabolic acidosis.
However, normal anion gap metabolic acidosis even in presence of mild to moder-
ate CKD suggests the possibility of associated RTA. Metabolic acidosis leads to
increased bone resorption and impaired bone mineralization. Activation of RANK
ligand by systemic acidosis results in increased bone resorption. Further, the aci-
dosis also inhibits bone mineralization due to its effect on osteoblast, thereby
resulting in decreased bone collagen production and reduced alkaline phosphatase
activity. The common cause of distal RTA in majority of patients is idiopathic;
however, some patients may have concurrent autoimmune disorders or use of
drugs associated with distal RTA. These include Sjogren’s syndrome, systemic
lupus erythematosus, PHPT, Wilson’s disease, sarcoidosis, and use of certain
drugs like amphotericin B, ifosfamide, and lithium carbonate. As the patient had
history suggestive of dry mouth and dry eyes, a possibility of Sjogren’s syndrome
as the etiology of distal RTA was considered. Antinuclear antibody and lip biopsy
confirmed the same in the index patient. The presence of primary hypothyroidism
in the index patient is another component of autoimmunity. The primary aim of
treatment is effective correction of metabolic acidosis. The other concurrent bio-
chemical abnormalities like hypokalemia and hypercalciuria get spontaneously
normalized with correction of metabolic acidosis. However, potassium and cal-
cium supplementation may be required initially. Short-term use of calcitriol may
be required for rapid healing of osteomalacia; however, it is associated with
increased risk of nephrocalcinosis. Therefore, periodic monitoring of urinary cal-
cium excretion and renal ultrasonography should be performed.

53 Clinical Rounds

1. What are the constituents of bone?

Bone is made up of cells and matrix. The cellular component contributes to
only 2% of the dry weight of bone, while the rest is by matrix. The cellular
component includes osteoblasts, osteoclasts, bone-lining cells, and osteocytes;
the latter accounts for approximately 95 % of cellular compartment. The bone
matrix comprises of inorganic (60-70 %) and organic constituents (30-40 %).
The inorganic components include calcium hydroxyapatite and magnesium.
Approximately 90 % of the organic component is constituted by type 1 collagen
and the rest by non-collagenous proteins like bone sialoprotein, osteopontin,
osteonectin, and osteocalcin. The constituents of bone are shown in the figure
given below (Fig. 5.2).
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Fig.5.2 Constituents of bone

2. What are the functions of different types of cells present in bone?

Osteocytes are the most abundant cells present in bone. They are mature osteo-
blasts and are embedded in the bone matrix. They act as mechanosensor and initi-
ate bone remodeling. These cells also secrete various phosphatonins including
FGF-23 which play a crucial role in the phosphate homeostasis. In addition,
osteocytes also secrete dickkopf-1 and sclerostin which inhibit bone formation.
Osteoblasts lay down the matrix (osteoid) and promote mineralization of osteoid
by secreting osteocalcin, osteopontin, and alkaline phosphatase. Once the process
of mineralization is complete, mature osteoblasts may undergo apoptosis or can
differentiate into osteocyte or bone-lining cells. Osteoblasts also promote osteo-
clastogenesis through RANK-RANKL pathway. Osteoclasts secrete various pro-
teolytic enzymes like cathepsin K which results in bone resorption, a key step in
bone remodeling. Bone-lining cells serve as a blood—bone barrier and regulate the
influx and efflux of calcium and phosphorus from extracellular fluid. Further,
these cells can redifferentiate into osteoblasts, when they are exposed to PTH.

3. What are the types of bone?

Human skeleton can be classified on the basis of anatomy or structure.
Anatomically, bone can be classified into long bone (e.g., femur), short bone
(e.g., carpal bones), and flat bone (e.g., skull bones). Structurally, bone can be
classified either as cortical and trabecular or as woven and lamellar bone.
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4. What are the differences between cortical and trabecular bone?

The differences between cortical and trabecular bone are summarized in the

table given below.

Parameters Cortical
Synonyms Compact bone
Contribution to total bone mass 80 %

Predominant sites Shaft of long bones
Porosity 5-15%

Haversian system Present

Metabolic activity Low

Remodeling rate Low

Predominant hormonal control PTH, thyroxine

Trabecular

Cancellous, spongy

20 %

End of long bones, vertebra
30-90 %

Absent

High

High

Gonadal steroids, glucocorticoids

5. What are the differences between woven and lamellar bone?
The differences between woven and lamellar bone are summarized in the table

given below.

Parameters Woven bone

Architecture Disorganized collagen

Cell-to-matrix ratio | High

Bone turnover High
Strength Weak
Formation Formed by rapid osteoid

production by osteoblast

Sites Fetal bone

Site of fracture in adults
Paget’s disease

6. How is bone formed?

Lamellar bone

Organized collagen (parallel or
concentric)

Low
Low
Strong

Formed by maturation of woven
bone

All bones in the adult

New bone is formed by either endochondral or intramembranous ossifica-
tion. Endochondral ossification is a stepwise integrated process of bone for-
mation involving differentiation of mesenchymal stem cells into cartilage
that forms a scaffolding for deposition of bone matrix by osteoblasts.
Intramembranous ossification involves direct formation of bone from mes-
enchymal stem cells without intermediate stage of cartilage formation. The
flat bones (craniofacial) are formed by intramembranous ossification, while
vertebrae, ribs, and long bones are developed by endochondral ossification

(Fig. 5.3).
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7. What are the regulators of calcium homeostasis?

Intracellular calcium is 10,000 times lower than serum ionized calcium, and
normal levels of both serum and intracellular calcium are required for neuro-
muscular excitability and cardiac contractility. Therefore, minute-to-minute
regulation of serum calcium is essential for maintenance of these vital func-
tions. Normal levels of serum calcium are maintained by coordinated action of
parathyroid hormone (PTH), 1,25(OH),D, and possibly, FGF-23 and calcito-
nin. PTH is the prime regulator of serum calcium, and the circulating level of
calcium in turn regulates PTH secretion by acting through calcium-sensing
receptors (CaSR) present in the parathyroid gland. PTH directly promotes bone
resorption, increases renal reabsorption of calcium in distal convoluted tubule
(DCT), and facilitates intestinal calcium absorption by stimulation of renal
la-hydroxylase activity in proximal convoluted tubule (PCT). Serum calcium
also regulates its own excretion independent of PTH by acting through cal-
cium-sensing receptor present in thick ascending limb of loop of Henle (TALH)
in the kidney. FGF-23 inhibits 1a-hydroxylase activity and possibly suppresses
PTH secretion. The role of calcitonin in calcium homeostasis is uncertain in
humans; however, it inhibits bone resorption and increases calcium excretion.
Further, these hormones also maintain the steep gradient between extracellular
and intracellular calcium levels by regulation of the activity of calcium exchange
pumps present on cell membranes (Fig. 5.4).
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Fig.5.4 Regulation of calcium homeostasis

8. How is serum calcium maintained in the normal range?

Calcium absorption from the intestine, resorption from the bone, and reab-
sorption from the kidney are tightly regulated to maintain serum calcium
within the normal range. Only 20-30 % of the ingested calcium is reabsorbed
from the upper intestine (duodenum and upper jejunum). Of the total calcium
absorbed, passive absorption accounts for only 8-23 %, while 1,25(OH),D-
mediated active absorption contributes to the rest. PTH-mediated bone remod-
eling results in exchange of 200-500 mg of calcium between extracellular
fluid and bone per day. In the kidney, 98 % of the filtered calcium is reabsorbed
and the rest is excreted in urine. Majority of the filtered calcium is passively
reabsorbed in proximal convoluted tubules (60-70%) and thick ascending
limb of loop of Henle (TALH, 20 %), whereas PTH-mediated active reabsorp-
tion in distal convoluted tubule and collecting ducts contribute to the rest
(8-10%). Calcium reabsorption in TALH is regulated by CaSR, independent
of PTH and 1,25(OH),D. FGF-23 also contributes to calcium homeostasis
through the regulation of 1a-hydroxylase activity in the proximal convoluted
tubule (Fig. 5.5).
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Fig.5.5 Sites of calcium reabsorption from the kidney

9.

10.

What are the regulators of phosphorus homeostasis?

The level of phosphate in the intracellular compartment is one to two times
higher than in the extracellular fluid. The regulators of phosphate homeostasis
are 1,25(0OH),D, PTH, and FGF-23. 1,25(0OH),D increases the reabsorption of
phosphate from the gut. PTH and FGF-23 promote the excretion of phosphate
by decreasing the renal tubular reabsorption of phosphate. The effect of PTH is
immediate, whereas that of FGF-23 takes several hours. However, PTH and
FGF-23 have opposing effects on renal la-hydroxylase activity; PTH stimu-
lates it, whereas FGF-23 inhibits it. PTH promotes bone remodeling and hence
maintains the phosphate exchange between bone and extracellular fluid. The
role of other phosphatonins apart from FGF-23 in phosphate homeostasis is not
precisely defined.

How is serum phosphorus maintained in the normal range?

Approximately 90 % of ingested phosphorus is absorbed from the upper intes-
tine (duodenum and jejunum). Out of this, 60-70 % is passively absorbed and
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1,25(0OH),D-mediated active absorption contributes to the rest. The kidney is
the prime organ involved in phosphate homeostasis, and it is accomplished by
modifying renal phosphate excretion. Eighty-five to 90 % of the filtered phos-
phate is reabsorbed and the rest is excreted in urine. Out of this, approximately
85 % is reabsorbed in PCT, while the rest in distal tubules. Phosphate reabsorp-
tion is mediated through active transport via sodium—phosphorus co-transporters
present at these sites (Na-Pi 2a and 2¢). PTH inhibits the expression of Na-Pi 2a
in PCT, while FGF-23 inhibits the expression of Na-Pi 2a and 2c in the
PCT. PTH also inhibits the reabsorption of phosphate in distal convoluted
tubule (Fig. 5.6).

Phosphate Homeostasis
DCT

PCT

CCD

—» 5%

PCT - Proximal convoluted tubule
DCT - Distal convoluted tubule

MCD

TALH - Thick ascending limb of
loop of Henle

CCD - Cortical collecting duct

MCD - Medullary collecting duct

10%

Fig.5.6 Sites of phosphate reabsorption from the kidney
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11. What are the differences between calcium and phosphate homeostasis?

The differences between calcium and phosphate homeostasis are enlisted in the

table given below.

Parameters Calcium Phosphorous
Distribution
Bone 99 % 85 %
Non-osseous tissue <1% 15%
Extracellular: intracellular 10,000:1 1:1-2
Protein binding 50 % 12 %
Diurnal variation Almost nil Nadir between 0800 and 1100h
Influence of meal on serum level No change Decrease
Intestinal absorption Duodenum and Duodenum and jejunum
jejunum
Active 70-90 % 20-30 %
Passive 8-20% 60-70 %
Renal reabsorption
PCT 60-70 % 85 %
TALH 20% Nil
DCT and CT 8-10% 15%
Key organs in homeostasis Bone and intestine | Kidney

Prime hormonal regulator PTH and 1,25 PTH and FGF-23
(OH),D
Bone mineralization Important Essential

12. What is the most important mineral for bone mineralization?

13.

Bone mineralization is a coordinated process which involves deposition of cal-
cium, phosphate, and magnesium on matrix, laid down by osteoblasts. Optimal
levels of serum calcium, phosphate, PTH, 1,25(OH),D, bone-specific alkaline
phosphatase, pH, and FGF-23 are required for bone mineralization. The solu-
bility product of calcium and phosphate is the major determinant of bone min-
eralization rather than the serum level of individual minerals, calcium, or
phosphate. Minor alterations in serum phosphate concentration lead to marked
variation in the solubility product, whereas minor alterations in serum calcium
do not significantly influence the same. Hence, the most important metabolite
for mineralization is phosphate not calcium. This is best evidenced in patients
with hypophosphatemic osteomalacia, who have impaired mineralization
despite normal serum calcium level.

What is FGF-23?

FGF-23 is a 251 amino acid peptide predominantly secreted by osteocytes. It is
a major phosphatonin (possibly a misnomer as it is a phosphaturic hormone)
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14.

15.

involved in phosphate homeostasis. It acts in association with its co-receptor
klotho and inhibits the translocation of intracellular sodium phosphorus co-
transporter (NaPi 2a and 2c¢) to the cell membrane in proximal convoluted
tubule, resulting in phosphaturia. In addition, it also inhibits renal 1
a-hydroxylase activity, thereby decreasing intestinal phosphate reabsorption.
Further, FGF-23 possibly suppresses PTH secretion. Recently, it has been
shown that FGF-23 has a role in calcium homeostasis by promoting calcium
reabsorption in the distal tubule through upregulation of transient receptor
potential vanilloid-5 (TRPV-5).

What is klotho?

“Klotho” is named after a Greek Goddess, who spins the thread of human life.
Klotho is a gene that encodes a protein which is present in three forms; trans-
membrane, secreted, and soluble form. The transmembrane klotho is a mem-
brane-bound form, while soluble and secreted klotho are present in circulation.
Soluble klotho is a truncated form of the extracellular domain of transmem-
brane klotho, whereas secreted klotho represents the entire molecule. The
transmembrane form is expressed in multiple tissues, especially in the kidney
and acts as a co-receptor for FGF-23 and results in phosphaturia and suppres-
sion of renal la-hydroxylase and PTH. In addition, it has antiaging and
anti-IGF1 effects. Secreted as well as soluble klotho may act alone or in concert
with FGF-23 and has antioxidant, antiapoptotic, and anti-wnt signaling
effects. FGF-23-klotho complex is possibly regulated by phosphate, PTH, and
1,25 (OH),D.

How is vitamin D formed in the body?

Endogenous vitamin D synthesis occurs in the Malpighian layer of epidermis
on exposure to ultraviolet B rays (wave length 290-315 nm). The cutaneous
synthesis contributes to 80 % of circulating vitamin D and the rest is provided
by diet. On exposure to sunlight, 7-dehydrocholesterol is converted to pre-vita-
min D; which rapidly photoisomerizes to vitamin Ds (cholecalciferol). This
form of vitamin D is biologically inactive and requires hepatic and renal
hydroxylations to form 25-hydroxy vitamin D; [25(OH)D] and 1,25-dihydroxy
vitamin D; [1,25(0OH),D], respectively. The enzyme la-hydroxylase involved
in renal hydroxylation is tightly regulated. 1,25(OH),D is considered as the
active form of vitamin D as the affinity of 1,25(OH),D to vitamin D receptor
(VDR) is 500- to 1000-fold higher as compared to 25(OH)D. However, the
serum concentration of 25(OH)D is about 500 times higher than that of
1,25(0OH),D, hence biological activity of 25(OH)D cannot be excluded. The
synthesis of vitamin D is summarized in the figure given below (Fig. 5.7).
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Fig.5.7 Vitamin D biosynthesis

16.

17.

Why is vitamin D considered as a hormone?

Vitamin D is not truly a vitamin, but it is a steroid and qualifies the criteria
for a hormone. These include endogenous production (Malpighian layer of
epidermis), direct release into circulation [1,25(OH),D release from kidney],
presence of binding protein (vitamin D-binding protein), action through a
receptor, existence of a feedback system [between 25(OH) vitamin D and
1,25(0H),D], and site of action distal to organ of production (kidney, intes-
tine, and bone).

How is vitamin D important in bone physiology?

1,25(0OH),D, the active form of vitamin D, plays an important role in bone
health. It is the prime regulator of calcium and phosphorus absorption from
small intestine. 1,25(OH),D by increasing the synthesis of osteocalcin promotes
maturation of mineralized matrix. In addition, it activates the differentiation of
osteoclast precursors and thereby promotes bone remodeling. Although vitamin
D is important for bone mineralization, it is not essential as evidenced by healing
of rachitic lesions in patients with inactivating mutations of vitamin D receptor
(vitamin D-resistant rickets type 2) after treatment with intravenous calcium.
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18.

19.

20.

21.

What are the non-osseous effects of vitamin D?

Vitamin D plays an important role in the maintenance of bone health. In addi-
tion, it also has been demonstrated to have various non-osseous effects, which
include improvement of muscle strength and cardiovascular health, modulation
of immune system and glucose—insulin homeostasis, and antiproliferative
effects on various tissues including breast, prostate, and colon. Although the
role of vitamin D in muscle function is well established, data regarding other
non-osseous benefits are not so robust.

How does vitamin D deficiency cause myopathy?

Proximal myopathy is one of the common manifestations of vitamin D defi-
ciency, although it is more common in children than in adults. Vitamin D is
required for ATP-dependent calcium uptake into sarcoplasmic reticulum,
synthesis of muscle proteins (e.g., actin, troponin), and differentiation of
myogenic stem cells into myoblasts. Further, vitamin D deficiency has been
shown to be associated with atrophy of type 2 muscle fibers. Concurrent
hypophosphatemia associated with vitamin D deficiency also contributes to
myopathy. Secondary hyperparathyroidism consequent to vitamin D defi-
ciency also adds to proteolysis and atrophy of type 2 muscle fibers.
Therefore, patients with vitamin D deficiency manifest with reduced muscle
strength and increased tendency to fall. The latter is due to atrophy of type
2 muscle fibers as these fast-twitching fibers need to be recruited on sudden
change of posture to prevent a fall. Treatment with vitamin D (cholecalcif-
erol) has been shown to improve muscle strength and reduce the incidence
of falls.

What is metabolic bone disease’!

Metabolic bone disease refers to heterogeneous group of disorders character-
ized by abnormalities of bone mineral metabolism, bone cells, or matrix.

What is 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,
from epiphysis to metaphysis. The process of linear growth initiates at the
epiphyseal end of growth plate and new bone is laid down at the metaphysis,
resulting in new bone formation at the metaphyseal end of the long bone
(Fig. 5.8).
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Fig.5.8 Different zones of growth plate

22. What is osteomalacia?

Osteomalacia is a disorder characterized by defective mineralization of osteoid.
In normal physiology, mineralization of osteoid requires optimal calcium-
phosphate solubility product, alkaline pH (7.6) at mineralization site, and pres-
ence of alkaline phosphatase (which suppresses the inhibitors of mineralization).
Therefore, abnormalities in mineral homeostasis, presence of acidic pH (e.g.,
chronic kidney disease), and hypophosphatasia result in osteomalacia.
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23.

24.

What is rickets?

Rickets is a disorder of epiphyseal growth plate characterized by defective
development and impaired mineralization of growth plate as a result of abnor-
mal mineral homeostasis. The defective development of epiphyseal growth
plate is due to lack of apoptosis of hypertrophic chondrocytes, which is essen-
tial for invasion by the bone cells (osteoblasts and osteoclasts) for the new bone
formation. Impaired apoptosis is the result of hypophosphatemia, as optimal
levels of serum phosphate are required for caspase-9-mediated apoptosis of
hypertrophic chondrocytes. Failure of removal of hypertrophic chondrocytes
results in secondary defect in osteoid synthesis and hence impaired mineraliza-
tion. Besides the involvement of epiphyseal growth plate, there is a generalized
defective mineralization (osteomalacia) of bone matrix in rickets.

What is the difference between rickets and osteomalacia?

The difference between rickets and osteomalacia are summarized in the table
given below.

Parameters Rickets Osteomalacia

Site of involvement | Growth plate and bone matrix Bone matrix

Deformities Common (genu valgum, genu varum) Uncommon (bowing)

Presentation Bone pain, deformities, and poor linear Bone pain, fractures
growth

Fractures Uncommon Common

Radiology Epiphysis: indistinct and irregular margins Cortical thinning
Physis: widening of growth plate Looser’s zone

25.

26.

Metaphysis: cupping, fraying, and splaying Osteopenia
Diaphysis: cortical thinning, Looser’s zone Triradiate pelvis

How to classify rickets?

Rickets can be classified as vitamin D-deficient, vitamin D-dependent, or vita-
min D-resistant. In addition, rickets can also be classified on the basis of abnor-
malities of mineral homeostasis as calcipenic or phosphopenic rickets. Since
hypophosphatemia is considered as the common denominator for all types of
rickets, a new classification based on the mechanism of hypophosphatemia, i.e.,
PTH-dependent and FGF 23-dependent has been recently proposed.

How does vitamin D deficiency cause rickets?

Although the most common cause of rickets is vitamin D deficiency, neither
vitamin D nor its receptor (VDR) is directly involved in the development of
rickets. This is evidenced in VDR knockout mice where administration of
intravenous calcium and phosphate is associated with healing of rachitic
lesions. Vitamin D deficiency is associated with hypophosphatemia, low
normal calcium, and secondary hyperparathyroidism. Decreased calcium
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phosphate solubility product results in impaired mineralization and conse-
quently rickets—osteomalacia.

How to classify vitamin D-related rickets?

Rickets can be classified as vitamin D-deficient or vitamin D-dependent on the
basis of serum 25(OH)D levels and therapeutic response to calciferol (ergocal-
ciferol or cholecalciferol) and/ or calcitriol. Vitamin D deficiency is characterized
by low levels of 25(OH)D and excellent therapeutic response to calciferol.
Vitamin D-dependent rickets (VDDR) can be due to inherited deficiency of
la-hydroxylase enzyme (VDDR type 1) or inactivating mutations in vitamin D
receptor (VDDR type 2). The differences among various forms of vitamin
D-related rickets are summarized in the table given below.

Vitamin D
Parameters deficiency VDDR type 1 VDDR type 2
Synonyms - Pseudo-vitamin Hereditary vitamin
D-deficiency rickets D-resistant rickets
Age of presentation 3-18 months Infancy Infancy
Mode of inheritance Sporadic Autosomal recessive | Autosomal recessive
Pathophysiology Deficiency of Deficiency of renal Defective vitamin D
vitamin D la-hydroxylase receptor
Associated features Nil Nil Alopecia
Serum calcium Low/low normal Low Low
Serum phosphorus Low Low Low
ALP Elevated Elevated Elevated
iPTH Elevated Elevated Markedly elevated
25 (OH)D level Low High Normal
1,25 (OH),D level Normal/high Very low Very high
Response to calciferol | Excellent No response No response
Response to calcitriol | Good Excellent Most children are

resistant to therapy
even with high dose

28.

What is vitamin D-resistant rickets?

The term vitamin D-resistant rickets encompasses disorders associated with
rickets that are nonresponsive to therapy with optimal doses of calciferol. The
causes of vitamin D-resistant rickets include hypophosphatemic rickets/osteo-
malacia, chronic renal failure, and renal tubular acidosis. VDDR type 1 and
VDDR type 2 are also considered as vitamin D-resistant rickets. Presence of
vitamin D-resistant rickets should be suspected if there is failure of appearance
of line of provisional calcification after 3 months of optimal therapy (600,000 IU)
with vitamin D (Fig. 5.9).
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Fig. 5.9 (a) Familial vitamin D-dependent rickets type 2. (b) Genu varum and alopecia in the
same child. (¢, d) Plain radiographs of the wrist and lower limbs showing fraying and splaying of
metaphysis, indistinct and irregular epiphysis, femoral bowing, and cortical thinning
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29. How to differentiate between calcipenic and phosphopenic rickets?

Rickets can be classified on the basis of primary abnormality in mineral homeo-
stasis as calcipenic or phosphopenic. Calcipenic rickets is due to calcium/vita-
min D deficiency or impaired vitamin D action, whereas phosphopenic rickets
is primarily due to hypophosphatemia as a consequence of renal phosphate
wasting. The differences between calcipenic and phosphopenic rickets are sum-

marized in the table given below.

Parameters Calcipenic rickets

History Inadequate sun exposure
Poor dietary calcium intake
Malabsorption
Anticonvulsant therapy

Growth plate Less severe

abnormalities

Deformities Less severe

Enthesopathy Absent

Myopathy Present

Bone pain Present

Dental abscess Absent

Enamel hypoplasia Present

Tetany May be present

Seizures May be present

Osteopenia May be present

Osteitis fibrosa cystica May be present

Calcium Low/low to normal

Phosphorous Low/normal

Alkaline phosphatase Markedly elevated

Serum PTH

Markedly elevated

“Except in tumor-induced osteomalacia (TIO)

30. What are the clinical features of rickets?

Phosphopenic rickets

Family history of rickets/
osteomalacia

More severe

More severe
Present
Absent?
Absent*
Present
Absent
Absent
Absent
Absent
Absent
Normal
Very low
Elevated
Normal to mildly elevated

The clinical features of rickets are enlisted in the table given below.

Site
Skull

Dentition

Extremities

Clinical features

Craniotabes

Frontal bossing

Delayed tooth eruption

Enamel hypoplasia

Widening of wrist

Genu valgum, genu varum
Windswept deformity

Double malleolus

Saber shin (anterior convexity of tibia)
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Site Clinical features
Thorax Rachitic rosary
Harrison’s sulcus
Pectus carinatum
Spine and Kyphosis
pelvis Scoliosis
Lumbar lordosis
Neuromuscular | Hypotonia, pot belly
Delayed motor development
Tetany, seizures

31. How does the age of onset of rickets help in the differential diagnosis of
rickets/osteomalacia?

The age of onset of rickets/osteomalacia is an important clue for differential
diagnosis as different disorders typically manifest at specific ages. These are
summarized in the table given below.

Age Etiology Remarks
Infancy Vitamin D deficiency Exclusively breast-fed infants
Vitamin D-dependent rickets type 1 Hypocalcemic tetany
Vitamin D-dependent rickets type 2 Alopecia
Hypophosphatasia Craniosynostosis
Low alkaline phosphatase
Hypercalciuria
Childhood Vitamin D deficiency Nutritional
Malabsorption
Celiac disease
Renal rickets Renal tubular acidosis
Proximal RTA
Fanconi’s syndrome
Isolated
Distal RTA
Chronic kidney disease
Familial hypophosphatemic rickets X-linked variant
Enthesopathy
Fractures Dental caries/dental
abscess
Hypophosphatasia Low alkaline phosphatase
Adult onset Vitamin D deficiency Bone pain, pseudo-fracture
Tumor-induced osteomalacia Severe hypophosphatemia
Familial hypophosphatemic rickets Autosomal dominant variant
Hypophosphatasia Stress fractures
Osteoarthritis

Low alkaline phosphatase
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What are the manifestations of vitamin D deficiency in a newborn?

A neonate born to vitamin D-sufficient mother has vitamin D stores for
8—12 weeks as a result of transplacental passage of 25(OH)D. Therefore, mani-
festations of vitamin D deficiency are seen only in neonates born to severely
vitamin D-deficient mother. These include craniotabes, wide and open fonta-
nelle, rachitic rosary, widening of growth plate, and osteopenia. Craniotabes is
a manifestation of intrauterine vitamin D deficiency as the skull bones grow
rapidly during intrauterine period and early infancy.

What are the manifestations of vitamin D deficiency during infancy?

Human breast milk is a poor source of vitamin D and contains approximately
25 IU/L. Hence, infants who are exclusively breast fed for a prolonged dura-
tion are at risk for the development of severe vitamin D deficiency, unless the
mother is supplemented with supraphysiological doses of vitamin D (4000-
6500 IU/day). Peak age of presentation of vitamin D deficiency is 3—18 months,
and the common manifestations are growth failure, irritability, lethargy,
delayed dentition, recurrent respiratory tract infections, delayed motor mile-
stones, hypotonia (floppy infant), and hypocalcemic seizures. Onset of rickets
during infancy manifests as wrist deformities and rachitic rosary due to rapid
growth of upper limb and rib cage during this period, respectively. Further, the
wrist deformities become more evident as the child starts crawling and com-
monly involve the ulnar side of wrist, due to the rapid growth of distal ulna as
compared to radius.

What are the manifestations of vitamin D deficiency during preschool period
and adolescence?

In a growing child, vitamin D deficiency manifests with deformities in lower
limbs due to rapid growth and weight bearing. These include genu valgum,
genu varum, windswept deformity, and anterior bowing of legs. In addition,
proximal myopathy is a common manifestation of vitamin D deficiency in chil-
dren and adolescence and manifests with waddling gait, even without any
deformity. Chest deformities associated with vitamin D deficiency include pec-
tus carinatum, pectus excavatum, rachitic rosary, and Harrison’s sulcus.
Looser’s zone and vertebral involvement are usually a feature of adult osteoma-
lacia, but presence of these features in a child suggests severe disease.

What are the nonskeletal manifestations of vitamin D deficiency?

The nonskeletal manifestations of vitamin D deficiency include carpopedal
spasm, hypotonia, delayed motor milestones, delayed dentition, enamel hypo-
plasia, proximal myopathy, seizures, and hypocalcemic cardiac failure.
Hypocalcemia due to vitamin D deficiency commonly manifests during infancy
and adolescence because of increased demand of calcium for rapidly growing
skeleton during this period.
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36.

37.

38.

39.

Why all patients with vitamin D deficiency do not manifest rickets/osteomalacia?

Although vitamin D deficiency is rampant, clinical manifestations do not occur
in all patients. There is a poor correlation between serum vitamin D levels and
clinical manifestations. The exact cause for this dichotomy is not clear; the pos-
sible reasons include vitamin D receptor polymorphisms, normal 1,25(OH),D
level despite vitamin D deficiency, and inappropriate PTH response to hypocal-
cemia. In addition, diagnosis of vitamin D deficiency based on total 25(OH)D
levels, rather than “free” 25(OH)D levels, may also account for this disparity
between clinical symptoms and vitamin D levels. Further, some patients with
vitamin D deficiency may only have abnormal bone histomorphometry (sub-
clinical osteomalacia).

What is genu varum?

In Latin, the words genu means knee and varus denotes deformity involving
oblique displacement of part of a limb toward the midline. Genu varum is also
called as “bowed legs.” Genu varum may be physiological till 2 years of age and
resolves spontaneously by next 1-2 years. The onset of genu varum after the age
of 3 years or presence of asymmetrical deformity, rapid progression (>1.5 cm
within 6 months), bone pain, or difference in leg length should raise a suspicion
for pathologic causes like rickets (vitamin D deficiency, hypophosphatemic
rickets/osteomalacia, renal tubular acidosis), skeletal dysplasias (achondropla-
sia, metaphyseal chondrodysplasia), and osteogenesis imperfecta.

What is genu valgum?

In Latin, the words genu means knee and valgus denotes deformity involving
oblique displacement of part of a limb away from the midline. Genu valgum is
also called as “knock knees.” Genu valgum may be physiological between 3
and 7 years of age and resolves spontaneously thereafter. However, onset of
genu valgum <3 years or >7 years of age or presence of asymmetrical defor-
mity, rapid progression (>1.5 cm within 6 months), bone pain, or difference in
leg length should raise a suspicion for pathologic causes like rickets (vitamin D
deficiency, hypophosphatemic rickets/osteomalacia, renal tubular acidosis,
renal osteodystrophy), osteochondrodysplasias, osteogenesis imperfecta, or
poliomyelitis. However, the most common cause of pathologic genu valgum is
post-traumatic.

What is windswept deformity?

Presence of genu valgum in one lower limb and genu varum in the contralateral
limb is called as windswept deformity. The common causes of windswept
deformity include severe vitamin D deficiency, hypophosphatemic rickets/
osteomalacia, renal tubular acidosis, renal osteodystrophy, and
hypophosphatasia.
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40. How to examine for genu valgum and genu varum?
Genu varum is determined by the measurement of intercondylar distance.
Examination can be performed in sitting or supine posture with both the
lower limbs kept in straight position. Patient is asked to approximate the
malleoli, and intercondylar distance is measured thereafter with a metallic
tape. A distance of >5-6 cm is suggestive of genu varum. Genu valgum is
determined by the measurement of intermalleolar distance. Examination can
be performed in the same position as for genu varum. Patient is asked to
approximate the femoral condyles and intermalleolar distance is measured
with a metallic tape. A distance of >8—10 cm is suggestive of genu valgum.

41. What are the radiological manifestations of rickets?
Rickets is a metabolic bone disease that involves epiphysis, physis (growth
plate), metaphysis, and diaphysis.

Site Features

Epiphysis Irregular margins

Physis Widening along longitudinal axis

Metaphysis Fraying, cupping, splaying

Coarse trabecular pattern
Diaphysis Osteopenia, cortical thinning,

Looser’s zone

The other radiological findings include deformities in the extremities (e.g.,
bowing), rachitic rosary, slipped capital femoral epiphysis, triradiate pelvis,
and wormian bones (Fig. 5.10).

Metaphysis Widening
Cupping with fraying

C:::>_. Epiphysis

Active rickets

Fig.5.10 Diagrammatic illustration of metaphyseal changes in rickets
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42.

43.

44.

How to explain the radiological abnormalities in rickets?

The earliest radiologic feature in rickets is appearance of indistinct margins and
fraying of metaphysis. This is due to impingement of metaphysis along the
longitudinal axis by proliferating hypertrophic chondrocytes. The unrestricted
proliferation of hypertrophic chondrocytes results in expansion of growth plate
which is visualized as increased distance between epiphysis and metaphysis.
Later, weight bearing on unmineralized osteoid at metaphysis leads to splaying
and cupping of metaphysis. These alterations in growth plate (physis) and
metaphysis clinically manifest as widening of end of long bones, typically at
wrist. The changes in the diaphysis and epiphysis reflect poor mineralization
due to low calcium-phosphorus solubility product.

What is pseudo-fracture?

Pseudo-fractures or Looser’s zone is visualized as a thin transverse band of
rarefaction oriented perpendicular to the long-axis of bone. They are charac-
teristic of rickets/osteomalacia; however, they can also be seen in Paget’s dis-
ease and osteogenesis imperfecta. Looser’s zone occurs due to mechanical
stress of arterial pulsations on poorly mineralized bone and represents corti-
cal stress fractures, which are filled with poorly mineralized callus, osteoid,
and fibrous tissue. These lesions heal with optimal therapy of underlying
disease.

What are the differences between true fracture and pseudo-fracture?

The differences between true fracture and pseudo-fractures are summarized in
the table given below.

Parameters
History of trauma
Symmetry

Sites

Involvement of bone

Direction

Visible callus (on
X-ray)

True fracture
Usually present
Usually unilateral
Any

Through and through

Can be oblique/
perpendicular

Present

Pseudo-fracture
Absent
Bilateral and symmetrical

Inner margin of femoral neck
Axillary margin of scapula

Pubic and ischial rami
Ribs
Incomplete

Perpendicular to the long axis of bone

Absent
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What is bone histomorphometry?

Bone histomorphometry is the measurement and analysis of bone structure and
remodeling. This requires transiliac bone biopsy and histological examination
of undecalcified bone. The parameters which are examined for bone structure
include trabecular width, cortical width, and trabecular volume. The bone
remodeling parameters may be static or dynamic; static parameters include
osteoid volume and osteoid thickness, while the dynamic parameters include
mineralization lag time and mineral apposition rate. Double tetracycline label-
ing is required for the assessment of dynamic parameters of bone remodeling.
Normal values for some of the commonly used histomorphometric parameters
are summarized in the table given below.

Parameters Male Female
Cortical thickness 915 pm 823 pm
Cancellous bone volume 19.7 % 21.8%
Osteoid thickness 11.1 pm 12.3 pm
Osteoid volume 3.19% 1.58 %
Mineral apposition rate 0.89 pm/day 0.88 pm/day
Mineralization lag time 27.6 days 21.1 days
46. What are the indications for bone histomorphometry?

47.

48.

Bone histomorphometry is indicated in patients with unexplained low bone
mineral density or unexplained fractures. In addition, patients with renal osteo-
dystrophy also require bone histomorphometry for evaluation of bone pain,
unexplained fractures, or before initiation of anti-osteoporotic therapy.

What are the characteristic findings of ricketslosteomalacia on bone
histomorphometry?

The histomorphometric characteristics of osteomalacia include osteoid volume
>15 %, osteoid thickness >20 pm, and mineralization lag time>100 days.

How to approach a patient with rickets—osteomalacia?

A detailed history and clinical examination usually provide clues to the diagno-
sis in patients with rickets/osteomalacia. Biochemical investigations include
serum calcium, albumin, phosphorous, alkaline phosphatase, parathyroid hor-
mone, 25(OH)D and renal function tests. The results of these investigations
help to guide further evaluation and management. An approach to a patient with
rickets—osteomalacia is given below (Fig. 5.11).
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Rickets—Osteomalacia

Clinical-Radiological evaluation

Fasting sample for calcium, albumin and phosphorous, alkaline phosphate, PTH and 25 (OH) D

Calcipenic rickets Phosphopenic rickets Normal Calcium
Low/Low-normal calcium Low Phosphate Normal Phosphate

High PTH Normal/Mildly elevated PTH

Normal 25 (OH) D

Low 25 (OH) D « Familial hypophosphatemic rickets [§ Low alkaline Elevated alkaline
* Oncogenic osteomalacia phosphatase phosphatase
* Renal tubular defects

* VDDR type 1 and 2
* Renal tubular defects
« Chronic kidney disease

* Early rickets

* Partially treated rickets
* Fluorosis

* Fibrogenesis imperfecta

 Vitamin D deficiency
* Celiac disease Hypophosphotasia
* Malabsorption

Fig.5.11 Approach to a patient with rickets—osteomalacia

49. How to diagnose vitamin D deficiency?

Vitamin D deficiency/insufficiency is defined on the basis of serum 25(OH)D
levels. This is because 25(OH)D levels are stable (half-life of 2—-3 weeks) and
precisely reflect the vitamin D status of an individual. Serum 1,25(OH),D is
not used to define the vitamin D status of an individual because vitamin D
deficiency is associated with normal/high levels of 1,25 (OH),D as a conse-
quence of secondary hyperparathyroidism. There is also high variability in the
levels of 1,25(0OH),D, as it has a short half-life of 4hours. 1,25(OH),D is highly
lipophilic, is labile, and circulates at a very low concentration. Further, assays
for 1,25(OH),D are technically challenging because of difficulties in extraction
of 1,25 (OH),D from its binding proteins.

50. How was the cutoff for defining vitamin D deficiency derived?

Various cutoffs have been proposed to define vitamin D deficiency by different
organizations based on clinical and biochemical parameters, including fracture,
serum alkaline phosphatase, PTH, intestinal calcium absorption, and bone min-
eral density. Currently, the level of 25(OH)D at which iPTH starts rising is used
to define vitamin D deficiency. Various studies have shown that 25(OH)D level
<30 ng/ml is associated with rise in serum iPTH, and a level <20 ng/ml is asso-
ciated with impaired intestinal calcium absorption. Hence, 25(OH)D level
<30 ng/ml constitutes vitamin D insufficiency, and a level <20 ng/ml consti-
tutes vitamin D deficiency.
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What are the stages of vitamin D deficiency?

Depending on the alterations in mineral homeostasis, vitamin D deficiency
may be classified into three stages, stage 1-3 as depicted in the table given
below.

Serum

Stages | calcium | Phosphorus |ALP 25(OH)D |iPTH |1,25(OH),D | Radiography

Stage 1 || Normal 1 1 1 Normal Osteopenia

Stage 2 | Normal || ™" 1l ™ 1 Mild rachitic
changes

Stage 3 ||| 1 ™" ™1 Normal/t/] | Marked rachitic
changes

52. Who should be screened for vitamin D deficiency?

53.

Routine screening for vitamin D deficiency is not cost-effective, hence not rec-
ommended. However, individuals who are at risk for vitamin D deficiency
should be screened by estimation of serum 25(OH)D; these include patients
with chronic kidney disease, hepatic failure, malabsorption syndromes, patients
on anticonvulsant or glucocorticoid therapy, morbidly obese individuals, and
those undergoing bariatric surgery. In addition, estimation of 25(OH)D should
also be performed in patients with rickets—osteomalacia, osteoporosis, hyper-
parathyroidism, granulomatous disorders, and unexplained hypercalcemia for
the differential diagnosis and further management.

What are the foods rich in vitamin D?

The dietary sources of vitamin D are limited. Plant products are poor source of
vitamin D and there are only limited sources of vitamin D of animal origin.
Vitamin D obtained from plant sources contains ergocalciferol (vitamin D,),
while that of animal origin is cholecalciferol (vitamin Dj3); both vitamin D, and
D; are equipotent precursors for the synthesis of 25(OH)D. The vitamin D con-
tent of different foods is shown in the table given below.

Sources Quantity (IU)
Cod liver oil (1 teaspoon) 400-1000
Salmon fish (100 g) 600-1000
Sardine fish (100 g) 300

Mackerel fish (100 g) 250

Egg yolk (per egg) 20

Human breast milk (1 1) 25

Cow milk (11) 4-40

Mushroom, sun-dried (100 g) 1600
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54.

55.

What is adequate sun exposure for vitamin D synthesis?

Sunlight is the richest source for UV-B rays, which is required for endogenous
vitamin D synthesis. Exposure to sunlight between 1000 and 1500h is recom-
mended as the ratio of ultraviolet-B rays (UV-B) to UV-A rays is highest during
this period. Exposure of whole body in a bathing suit to one minimal erythemal
dose (MED) results in synthesis of approximately 10,000-20,000 IU of vitamin
D;, whereas exposure of 610 % of body (face and hands) to 0.5 MED provides
600-1000 IU of vitamin D;. Minimal erythemal dose is defined as the amount
of exposure to UV-B rays which results in persistent perceptible redness of
skin, 24h after sun exposure. Redness which occurs immediately after sun
exposure and disappears within 3-5h is mainly caused by heat and does not
reflect adequate UV-B exposure. The approximate time for 1 MED is 4—10 min
for white-skinned individuals and 60-90 min for dark-skinned individuals.

How to treat vitamin D deficiency rickets—osteomalacia?

Various regimens have been advocated to treat vitamin D deficiency rickets—
osteomalacia. The recommended dose of vitamin D; (cholecalciferol) is
depicted in the table given below. Vitamin D, (ergocalciferol) is as effective as
vitamin Dj; in the treatment of vitamin D deficiency. These dosing schedules are
aimed to achieve and maintain 25(OH)D levels >30 ng/ml.

Age group Intensive phase therapy Maintenance therapy
0-1 year 60,000 IU once weekly for 6 weeks 400-1000 IU/day
or
2000 IU/day for 6 weeks
1-18 years 60,000 IU once weekly for 6 weeks 600-1000 IU/day
or
2000 IU/day for 6 weeks
Adults 60,000 IU once weekly for 8 weeks 1500-2000 IU/day

56.

or
6000 IU/day for 8 weeks

In addition to vitamin D supplementation, adequate intake of calcium must be
ensured (30-75 mg/Kg/day of elemental calcium in three divided doses) to pre-
vent hungry bone syndrome in children with rickets—osteomalacia.

What is “stoss therapy”?

“Stoss therapy” (stossen in German means fo push) involves administration
of massive doses of vitamin D to treat vitamin D deficiency rickets—
osteomalacia, particularly in those patients whose compliance to therapy
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cannot be ensured. Various dose schedules have been used and are shown in
the table given below.

Intensive phase therapy Maintenance therapy

1,00,000 IU of vitamin D, orally every 2hours for 12h (total dose 400 IU/day after 3 months
6,00,000)

or
1,50,000-300,000 IU orally as a single dose 400 IU/day after 3 months
or
6,00,000 IU intramuscularly as a single dose 400 IU/day after 3 months

57. How to monitor a child with rickets on vitamin D therapy?

After initiation of therapy, children with rickets should be monitored for efficacy
and adverse effects of therapy. After 1 month of therapy, calcium profile (serum
calcium, albumin, phosphorus, and alkaline phosphatase) should be monitored.
The earliest response is improvement in serum phosphorus, which can be seen as
early as 1-2 weeks, accompanied with rise in alkaline phosphatase. At 3 months
of therapy, calcium profile, serum 25(OH)D, iPTH, urine calcium/creatinine
ratio, and radiology should be performed. Optimal therapy usually results in
resolution of biochemical and radiological abnormalities within 3 months. These
patients should be followed at periodic intervals of 6 months, and 25(OH)D level
must be estimated at 1 year, and annually thereafter.

58. What are the radiological features of healing rickets?

After initiation of therapy, a thin radiolucent line (a line of provisional calcifica-
tion) appears adjacent to the metaphyseal end of long bone by 2-3 weeks,
which represents calcification of chondroid matrix in the calcification zone of
epiphyseal growth plate. This is followed by progressive mineralization of
“cupping defect,” which represents ossification of osteoid matrix present
between line of provisional calcification and metaphyseal end of long bone.
Slight cupping may remain as stigma of old rickets. The resolution of radiologi-
cal abnormalities occurs within 3 months of optimal therapy (Fig. 5.12).

Calcification proceeding
towards metaphyseal end

Zone of preparatory
calcification

- >

Fig.5.12 Healing rickets Healing rickets
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59.

60.

Why is cholecalciferollergocalciferol and not calcitriol used for the treatment
of vitamin D deficiency?

Supplementation with cholecalciferol/ergocalciferol results in normalization of
25(0OH)D levels, which is the precursor for 1,25 (OH),D. Therapy with calciferol
results in regulated synthesis of 1,25(OH),D (calcitriol) due to exquisite regulation
of la-hydroxylase activity in PCT. In addition, 25(OH)D may also have direct
effects on vitamin D receptor. Therapy with calcitriol does not normalize 25(OH)
D levels, is expensive, requires frequent administration (as it has a half-life of 4h),
and has the risk of iatrogenic hypercalcemia. Hence, cholecalciferol/ ergocalcif-
erol is used for the treatment of vitamin D deficiency, rather than calcitriol.

What are the indications for therapy with calcitriol?

1,25(0OH),D is synthesized from 25(OH)D by the enzyme la-hydroxylase,
which is present in the proximal convoluted tubule of the kidney. The activity of
la-hydroxylase is stimulated by PTH and inhibited by FGF-23. Therefore, dis-
orders associated with impaired 1o~ hydroxylase activity or deficient secretion/
action of PTH or increased FGF-23 require calcitriol therapy. These include
hypoparathyroidism, pseudohypoparathyroidism, advanced stage chronic kid-
ney disease, and hypophosphatemic osteomalacia. In addition, vitamin
D-dependent rickets type 1 (inactivating mutations of 1a-hydroxylase) and type
2 (vitamin D receptor defects) are indications for calcitriol therapy (Fig. 5.13).

Fig.5.13 (a) A 15-year-old boy with genu valgum and left knee joint deformity due to stage V
chronic kidney disease (renal osteodystrophy). (b) Bowing of both forearms (L>R) in the same
patient. Note the presence of A—V fistula
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61. An 8-year-old child was diagnosed to have chronic kidney disease (stage 3).

62.

63.

His calcium profile was normal, 25(OH)D 5 ng/ml and iPTH 600 pg/ml.
Whether to treat this patient with calcitriol or cholecalciferol?

Patients with chronic kidney disease beyond stage three have impaired
la-hydroxylase activity; hence, calcium profile, 25(OH)D, and iPTH should be
monitored in these individuals. It is recommended that calcitriol therapy should
be initiated in these patients if iPTH is elevated more than CKD stage-specific
cutoffs despite 25 (OH)D >30 ng/ml or there is hypocalcemia. Hence, therapy
in the index patient should be cholecalciferol and not calcitriol. After adequate
supplementation with cholecalciferol and normalization of 25 (OH)D, serum
iPTH should be reassessed. If iPTH is still elevated above CKD stage specific
cutoffs, additional therapy with calcitriol is indicated. The CKD stage-specific
cutoffs for iPTH are summarized in the table given below.

Stage of CKD Target iPTH (pg/ml)
Stage 3 (eGFR 30-59 ml/min) 35-70

Stage 4 (eGFR 15-29 ml/min) 70-110

Stage 5 (eGFR <15 ml/min) 150-300

A patient with chronic kidney disease on maintenance hemodialysis was found
to be vitamin D deficient [25(OH)D 10 ng/ml). He was already receiving cal-
citriol therapy. Does this patient require calciferol supplementation?

The index patient with stage 5 CKD is on therapy with calcitriol, the active form
of vitamin D. He also has concurrent vitamin D deficiency. Despite calcitriol
therapy, the index patient should be treated with calciferol and 25(OH)D levels
should be normalized. Supplementation with calciferol normalizes 25(OH)D
levels and provides a substrate for extrarenal la-hydroxylase enzyme, thereby
reducing the requirement of calcitriol. Further, 25(OH)D is not only a precursor
for 1,25(OH),D but also has effects independent of 1,25(OH),D, which include
suppression of PTH and improvement in skeletal muscle function. In addition,
it has been shown that normalization of 25(OH)D levels in patients with CKD
on maintenance hemodialysis, who were on calcitriol therapy, results in
improvement in hemoglobin, reduction in doses of erythropoietin and sevelamer,
and has beneficial effects on left ventricular muscle index.

How to treat vitamin D-dependent rickets type 1 and 2?

Children with VDDR type 1 and 2 present in infancy with classical features of
rickets including growth retardation, bony deformities, dental abnormalities,
delayed milestones, and hypocalcemic seizures. Presence of alopecia and high
levels of 1,25(0OH),D suggest VDDR type 2. Calcitriol is the treatment of
choice for VDDR type 1, and the recommended dose is 1-3 pg/day in divided
doses, with good therapeutic response. The therapy in patients with VDDR type
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64.

2 is challenging; high doses of cholecalciferol (5000-40,000 U/day), calcitriol
(17-20 pg /day), and oral calcium therapy have been tried with varying success.
In case of failure with these regimens, therapy with intravenous calcium is indi-
cated. This not only results in normalization of serum calcium, but also in heal-
ing of rickets. Therapy with intravenous calcium leads to correction of
hypocalcemia and secondary hyperparathyroidism, thereby resulting in
improvement in serum phosphorus and healing of rachitic lesions in patients
with VDDR type 2, even without vitamin D or phosphorus therapy. Intravenous
calcium therapy can be given on a continuous or intermittent basis and can be
stopped once the growth of child is complete.

What are the familial disorders of phosphate homeostasis?

The familial disorders of phosphate homeostasis are due to mutation of genes
involved in phosphatonin secretion and degradation, or renal phosphate trans-
porters. They are enlisted in the table given below.

Disease Gene defect Remarks

X-linked hypophosphatemic Loss-of-function mutation of Decreased cleavage

rickets PHEX gene of FGF-23

Autosomal dominant Gain-of-function mutation of Proteolysis-resistant

hypophosphatemic rickets FGF-23 gene FGF-23

Autosomal recessive Loss-of-function mutation of Increased FGF-23

hypophosphatemic rickets DMPI1, EMPP1

Hereditary hypophosphatemic Loss-of-function mutation of Phosphaturia

rickets with hypercalciuria NaPi 2¢

Tumoral calcinosis Gain-of-function mutation of Associated with
GALNT3 hyperphosphatemia

Loss-of-function mutation of
FGF-23 or Klotho

PHEX phosphate-regulating endopeptidase homolog, X linked, DMPI dentin matrix protein-1,
EMPPI]  ectonucleotide  pyrophosphatase/phosphodiesterase 1, GALNT3  polypeptide
N-acetylgalactosaminyltransferase 3

65.

What are the characteristic manifestations of X-linked hypophosphatemic
rickets—osteomalacia?

Children with X-linked hypophosphatemic rickets/osteomalacia (XLH) usually
present between 2 and 3 years of age with bowing of legs and short stature.
Upper limb deformities are uncommon as the disease does not manifest during
crawling stage of life. Dental abscess and enthesopathy are other characteristic
abnormalities present in these patients. Poorly mineralized dentine provides an
easy access to microbes to the pulp of teeth, thereby resulting in dental abscess.
The cause of enthesopathy in patients with XLH is not clear; however, FGF-23
has been implicated. The biochemical characteristics of XLH include hypo-
phosphatemia, normocalcemia, normal to mildly elevated PTH and alkaline
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phosphatase, low or inappropriately normal 1,25-(OH),D, and elevated FGF-23
(Fig. 5.14).

Fig.5.14 Familial hypophosphatemic rickets—osteomalacia

66. What are the causes of hypophosphatemic rickets/osteomalacia with normal
FGF-23?

The causes of hypophosphatemic rickets—osteomalacia with normal FGF-23
levels are hereditary hypophosphatemic rickets with hypercalciuria,
Fanconi’s syndrome, and tumor-induced osteomalacia associated with
secreted frizzled related protein 4, FGF7, and matrix extracellular phospho-
glycoprotein (MEPE).
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67.

68.

69.

70.

How to treat a child with X-linked hypophosphatemic rickets—osteomalacia?

The cornerstone in the management of XLH is phosphate supplementation. The
recommended dose of oral phosphate is 15-60 mg/Kg/day in three to five divided
doses. In addition, calcitriol should also be given at doses of 15-60 ng/Kg/day in
three to four divided doses and adequate calcium intake should be ensured. The
goal of therapy is to maintain serum phosphate in low normal range (to avoid
metastatic calcification), normalization of alkaline phosphatase, restoration of
growth velocity, and healing of rickets. In addition, serum iPTH should be main-
tained in normal range. The management of autosomal dominant and recessive
forms of hypophosphatemic rickets—osteomalacia is similar to XLH.

What is the rationale of calcitriol supplementation in addition to phosphate
therapy in patients with XLH?

Patients with XLLH have decreased la-hydroxylase activity due to elevated
FGF-23. Further, therapy with phosphate may result in hypocalcemia and sec-
ondary hyperparathyroidism. The concurrent administration of calcitriol not
only increases intestinal calcium and phosphate absorption but also prevents
development of secondary/tertiary hyperparathyroidism.

How to monitor a child with XLH on therapy?

A child with X-linked hypophosphatemic rickets—osteomalacia should be clini-
cally monitored by improvement in bone pain, growth velocity, and deformi-
ties. Biochemical monitoring includes serum phosphate, serum ALP, iPTH, and
urinary phosphate. Serum phosphate should be maintained in the low normal
range, as attempts to normalize serum phosphate are associated with gastroin-
testinal adverse events and development of secondary/tertiary hyperparathy-
roidism. Estimation of urinary phosphate helps in the assessment of compliance
to therapy. Monitoring of FGF-23 is not useful as phosphate and calcitriol ther-
apy may result in further elevation of serum FGF-23. With successful therapy,
decrease in bone pain occurs within few weeks and normalization of ALP
within 6-12 months. There is also increase in growth velocity by 1 year and
improvement of deformities by 3—4 years of age.

What are the alterations in serum iPTH in patients with XLH?

Serum iPTH levels are usually normal/mildly elevated in patients with X-linked
hypophosphatemic rickets—osteomalacia. Rise in iPTH is possibly due to FGF-
23-mediated inhibition of 1,25(OH),D. After initiation of phosphate therapy,
secondary/tertiary hyperparathyroidism may ensue as a result of phosphate-
mediated hypocalcemia and direct stimulatory effect of phosphate on parathy-
roid cell. This is deleterious as it will result in worsening of phosphaturia and
consequently, hypophosphatemia. Overzealous treatment with calcitriol results
in suppression of PTH and consequently hypercalciuria and nephrocalcinosis.
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What are the adjuvant therapies in XLH?

Recombinant growth hormone has been tried to increase phosphate reabsorp-
tion in patients with X-linked hypophosphatemic rickets/osteomalacia; how-
ever, it has not been found to be beneficial. Calcimimetic agents like cinacalcet
have been used to treat secondary hyperparathyroidism associated with phos-
phate therapy. Use of cinacalcet has been shown to be effective in reducing the
doses of phosphate and calcitriol. Recently, use of intravenous iron therapy has
also been shown to be useful. Monoclonal antibodies against FGF-23 have been
shown to be effective in mouse models of X-linked hypophosphatemia.

What are the endocrine manifestations of renal tubular acidosis?

Renal tubular acidosis (RTA) is characterized by normal anion gap metabolic
acidosis with hypokalemia in the presence of normal glomerular filtration rate.
RTA may occur either due to the defect in reabsorption of HCO; at proximal
tubule (proximal RTA, type 2) or defect in excretion of H* ions at distal tubule
(distal RTA, type 1). The endocrine manifestations of RTA include growth fail-
ure, polyuria, rickets—osteomalacia, and nephrocalcinosis—nephrolithiasis. In
addition, type 4 RTA is characterized by normal anion gap metabolic acidosis
with hyperkalemia and normal or modestly reduced glomerular filtration rate.

What are the differences in clinical features of proximal and distal RTA?

The characteristic clinical features of proximal and distal RTA are summarized
in the table given below.

Parameters
Pathogenesis

Growth failure
Rickets—osteomalacia

Nephrocalcinosis—
nephrolithiasis

Other tubular defects
Etiology

Proximal RTA
(Type 2)

Defect in reabsorption of
HCOs™ at proximal tubule of
kidney

Often present

Often present

Absent

Common (Fanconi’s syndrome)
Primary
Secondary:

Wilson disease

Valproate
Aminoglycoside
Acetazolamide

74. Why is there rickets in RTA?

Distal RTA
(Type 1)

Defect in excretion of H* ions
at distal tubule of kidney

Often present
Often present
Often present

Absent

Primary

Secondary:
Sjogren’s syndrome
Systemic lupus
erythematosus

Rickets—osteomalacia is a characteristic feature of both proximal and distal RTA,
and the pathophysiological mechanisms for the development of rickets—osteoma-
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lacia include metabolic acidosis, hypercalciuria, hypophosphatemia, and low
1,25(0OH),D. Metabolic acidosis leads to impaired bone mineralization and
increased bone resorption. Activation of RANK ligand by systemic acidosis
results in increased bone resorption, which leads to release of calcium, phosphate,
and carbonate in order to counteract metabolic acidosis; however, it results in
hypercalciuria. In addition, acidosis leads to decreased la-hydroxylase activity
and consequently, reduced calcium and phosphate absorption from the intestine,
and secondary hyperparathyroidism. Defective tubular reabsorption of phosphate
in proximal RTA also contributes to hypophosphatemia. These alterations in min-
eral homeostasis result in decreased calcium—phosphate solubility product and
impaired mineralization, thereby leading to rickets/osteomalacia (Fig. 5.15).

Fig.5.15 (a) Windswept deformity in a child with rickets due to distal RTA. (b) X-ray of wrist
shows classical features of rickets with metaphyseal fraying, cupping, and splaying. (c¢) X-ray of
abdomen showing bilateral nephrocalcinosis

75. What is the indication of ammonium chloride loading test in a patient with
RTA?

Ammonium chloride loading test is indicated in children with a strong clinical
suspicion of distal RTA but with a normal blood pH. This is usually seen in
patients who have incomplete or milder forms of distal RTA. The recommended
dose of ammonium chloride is 0.1 g/Kg body weight administered over a period
of 1h to avoid gastric irritation, and blood and urine samples are taken every
hour for 4-6h. After administration of ammonium chloride, it is converted to
urea in the presence of bicarbonate in the liver, thereby reducing the levels of
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plasma bicarbonate. In a healthy individual, this results in excretion of hydro-
gen ions to maintain normal blood pH. However, in patients with distal RTA,
excretion of hydrogen ions fails to occur, thereby leading to metabolic acidosis
and alkaline urine (urine pH >5.5). A decrease in plasma bicarbonate of
3-5 mEq/L along with urine pH >5.5 suggests the diagnosis of distal RTA. The
test should not be performed in the presence of liver disease, urinary tract infec-
tion, hypokalemia, or hypercalcemia.

76. How to confirm the diagnosis of RTA?

RTA should be suspected in a child in the presence of short stature, rickets—
osteomalacia, polyuria, or nephrocalcinosis—nephrolithiasis. The evaluation of
RTA includes renal function test, serum potassium, blood gas analysis, urine
pH, and urinary anion ga+p. The diagnosis of RTA is confirmed by the presence
of normal anion gap metabolic acidosis with normal renal function tests. If the
baseline urinary pH is <5.5 then the diagnosis of proximal RTA is confirmed
and if baseline urine pH is >5.5, bicarbonate loading test should be performed
to differentiate between proximal and distal RTA. In bicarbonate loading test,
oral sodium bicarbonate is administered at a dose of 2-4 mEq/Kg/day for
2-3 days, with the aim to normalize plasma pH and HCO; . Fractional excre-
tion of HCO;™ of >10-15 % suggests proximal RTA and <5 % distal RTA. The
differences in biochemical parameters between the two types of RTA are sum-
marized in the table given below.

Proximal RTA Distal RTA
Parameters (Type 2) (Type 1)
Plasma anion gap Normal Normal
Serum potassium Low Low
Serum HCO;™ mEq/L Usually 12-20 Usually <10
Urine pH >5.5

>5.5 (if HCO; >20)

<55 (if HCO; <15)

Urine anion gap Positive Positive
Fractional excretion of HCO;~ >10-15% <5%
Hypercalciuria Present Present
Hypocitraturia Absent Present
Aminoaciduria, glycosuria May be present Absent

77. How to treat rickets—osteomalacia associated with RTA?

The aim of therapy in a child with RTA is to correct metabolic acidosis in
order to promote mineralization and prevent further progression of skeletal



5 Rickets—Osteomalacia 169

deformities. Therefore, early diagnosis and optimal therapy with oral alkali,
either as bicarbonate or citrate, is recommended. However, citrate is preferred
over bicarbonate as it is better tolerated. The recommended dose is 1-2 mEq/
Kg daily in divided doses in distal RTA and 10-20 mEq/Kg daily in proximal
RTA (higher dose required due to massive urinary loss of bicarbonate). Short-
term administration of potassium, calcitriol, and phosphate may be required
in these patients. Correction of acidosis not only improves hypokalemia and
hypercalciuria but also leads to increased 1,25(OH),D synthesis. Therefore,
long-term use of calcitriol is not required in patients with RTA. In addition, it
may worsen hypercalciuria in patients with distal RTA. Overtreatment with
alkali should be avoided as it may worsen hypokalemia and hypercalciuria.
During follow-up, serum potassium, pH, bicarbonate, and urinary calcium
should be periodically monitored. In addition, renal ultrasonography should
also be performed to detect nephrocalcinosis. The oral alkali preparations
commonly used in the management of RTA are summarized in the table given

below.
Preparation Composition Alkali content Potassium content
Potassium citrate and | Each 5 ml contains 2 mEq base/ml 5 mEq potassium/
citric acid syrup Potassium citrate 1100 mg ml
Citric acid 334 mg
Shohl’s solution Each litre contain citric 1 mEq base/ml -
acid 140 g
Hydrated crystalline
sodium citrate 90 g
Sodium bicarbonate 325 mg/tablet 325 mg tablet -
tablets or contains 4 mEq
650 mg/ tablet 650 mg tablet

contains 8 mEq

78. What are the endocrine causes of exuberant callus formation?

The exuberant callus formation is the characteristic feature of osteogenesis
imperfecta, glucocorticoid excess (exogenous or endogenous), Charcot’s
arthropathy, renal osteodystrophy, and multiple myeloma. The mechanism of
exuberant callus formation remains elusive. However, unrestrained production
of collagen by the osteoblast in response to poorly mineralized matrix (callus)
possibly explains this phenomenon (Fig. 5.16).
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Fig.5.16 A 3-year-old boy with (a) dentinogenesis imperfecta, (b) blue sclera, (¢) X-ray of chest
PA view showing multiple rib fractures with exuberant callus formation
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6.1 Case Vignette

A 3-year-old girl was brought by her mother with the complaint of progressive
development of breast for the last 6 months. It was not accompanied with appear-
ance of pubic hair or history of vaginal bleed, though there was history of vaginal
discharge occasionally. It was also noticed that she had sudden increase in her
height over the last 6 months. There was no history of “waxing and waning” in the
breast size. She did not have history of headache, visual disturbances, seizures,
head injury, meningitis/encephalitis, cranial irradiation, pain in the abdomen, or
palpable abdominal mass. She did not have symptoms suggestive of hypothyroid-
ism. There was no history of any drug intake or use of estrogen or “hormone dust”
exposure. On examination, her height was 103 cm (97" percentile, +2SDS) and
weight 15 Kg (75" percentile), with a target height of 159 cm (25" percentile). She
did not have cafe-au-lait macule, adenoma sebaceum, shagreen patch, neurofi-
broma, or bony deformity. She had no goiter and deep tendon reflexes were nor-
mal. Visual field and acuity were normal. Her Tanner staging was A_ P; B;.
Systemic examination was unremarkable. On investigations, hormonal profile
revealed serum LH 2.3 mIU/ml (N <0.3), FSH 3.9 mIU/ml, 17 p-estradiol 78.4 pg/
ml (N<10), T4 6.7 pg/dl (N 4.8-12.7), TSH 1.38 pIU/ml (N 0.27—4.2), and prolac-
tin 21.2 ng/ml (N 4.7-23.3). GnRH agonist stimulation test (triptorelin 0.1 mg/m?)
showed serum LH 56.3 mIU/ml at 3h and 17 B-estradiol 185.3 pg/ml at 24h. Her
bone age was 7 years (Greulich and Pyle). Ultrasonography of the pelvis showed
uterine length 4.1 cm and ovarian volume 3 ml (right) and 1.5 ml (left) with
multiple follicles. CEMRI sella showed convex upper border of anterior pituitary
and the rest of the other areas were normal. With this clinical and biochemical
profile, a diagnosis of idiopathic gonadotropin-dependent precocious puberty
(GDPP) was considered and the patient was initiated with depot leuprolide
(3.75 mg monthly). At 3 months of follow-up, she did not have a flare and had
regression of secondary sexual characteristics (B; to B,). Serum LH, basal and
stimulated (3h after the next dose of injection), was 1.7 mIU/ml and 14.7 mIU/ml,
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respectively. Basal serum estradiol was 23.7 pg/ml. The dose of depot leuprolide
was increased to 7.5 mg once a month and advised to have a regular follow-up at
three monthly intervals (Fig. 6.1).

Fig.6.1 (a) A 3-year-old child presented with thelarche (B3), (b) X-ray of wrist showing bone age of
7 years, (¢) CEMRI sella showing convex upper border of the pituitary (red arrow) suggestive of GDPP
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6.2  Stepwise Analysis

The index patient presented with breast development (B;) at 3 years of age, which is
below the lower normal reference age for the onset of puberty (8 years), thereby,
qualifying the criteria for the diagnosis of precocious puberty. The children with
precocious puberty require further evaluation to prevent height loss and adverse psy-
chosocial outcome. In addition, it also helps to exclude the presence of structural
disease as a cause of precocious puberty, though less common in girls. The prema-
ture breast development in the index child could be due to gonadotropin-dependent
precocious puberty (GDPP), gonadotropin-independent precocious puberty (GIPP),
or premature thelarche (normal variant). Majority of children with premature thelar-
che present before the age of 4 years, and the breast development is usually up to
stage Bs; however, it is nonprogressive and regresses spontaneously within 6 months
to 6 years after the diagnosis. Other signs of sexual maturation like pubarche, men-
arche, and enlargement of uterus are absent. Further, growth velocity is normal in
these children, and there is no advancement in bone age. Though the index patient
presented at the age of 3 years with breast development (B;), presence of growth
spurt (height +2SDS), advancement in bone age (BA > CA,7>3 years), and enlarge-
ment of uterus (4.1 cm, prepubertal uterine length <3.5 cm) exclude the diagnosis of
premature thelarche. Early age of onset of puberty (<2 years), dissociation between
breast staging and menarche (<B; and menarche), waxing and waning size of breast,
presence of cutaneous markers (cafe-au-lait macule, adenoma sebaceum, shagreen
patch, neurofibroma), bony deformity, feature suggestive of hypothyroidism (goiter
and delayed tendon reflexes), and palpable abdominal mass suggest the diagnosis of
GIPP. However, the absence of these features neither excludes the diagnosis of GIPP
nor confirms the presence of GDPP. Therefore, to differentiate between GDPP and
GIPP, estimation of basal and stimulated LH along with gonadal steroids is required.
Basal serum LH value of >0.3 mIU/ml or stimulated LH >8 mIU/ml (by chemilumi-
nescence assay) after triptorelin is diagnostic of GDPP. In the index case, basal LH
was 2.3 mIU/ml, and it was suggestive of activation of hypothalamo—pituitary—
gonadal (HPG) axis. Further, the stimulated LH value in the index child was
56.3 mIU/ml; however, the stimulation test was not warranted in our patient, and it is
only required if the basal LH is <0.3 mIU/ml. In addition, 17 B-estradiol cutoff of
80 pg/ml at 24h in response to GnRH agonist is also a surrogate indicator of activa-
tion of HPG-axis. The index child had stimulated 17 p-estradiol 185.3 pg/ml, further
supporting the diagnosis of GDPP. MR imaging of the brain is recommended in all
children with GDPP to localize any mass lesion in the hypothalamic region. The
probability of